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PEE F A CE, 

*.<>* 

TifE task of giviii!L( soai'^ acpomit oj" Maxwell’s work 
— of (Ie8(jribiiig tfie share that ho lias taken in the 
advance of Physical Science during the latter half 
of this nineteenth (^entniy — has proved no ligio. 
lahonr. The problems which lie attacked are of 
such magnitude and com[)lexil'% that the attempt 
to cx])]ain them and their importanc.e, satisfactorily, 
witlioiit the aid of symbols, is almost foredoomed 
to failure. However, the attempt has been made, 
in (ho belief that there are many who, thoiigli they 
cannot follow the mathematical analysis of’ Maxwell’s 
work, have suflicient general knowledge of physical 
Ideas and principles to make an account of Maxwell 
and of the development of the truths that he dis- 
covered, subjects of intelligent interest. 

MaxAvcH’s life was written in 1882 by two of tliose 
who Avere most intimately connected Avitli him, Pro- 
fessor LcAvis (Jampbell and Dr. Harnett. Many of the 
biographical details of the earlier part of this book 
are taken from their Avork. My thanks are due to 
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PREFACE. 


them and to their jDublishers, Messrs. Macmillan, for 
permission to use any of the letters which appear 
in their biograph}^ I trust that my brief account 
may be sufficient to induce many to read Professor 
(Jampbeirs Life and Letters,’* with a view of learn- 
ing more of the inner thoughts of one who has 
left so strong an imprint on all he undertook, and 


was so deeply loved by all who knew him. 

CambridijCj 

December, 1 HOo, 


R. T. (}. 
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Jamies Clerk ^Iaxwell 

AND MODERN PUYSICS. 


CHAPTER I. 

EARLY IJLF. 

‘‘ OxE wlio has onriclied the ijiheriuiK'-o IcR L) 
Newton anrl has (ionsolidated tlic work of Faraday 
— one wlio ini[)el]ed tlio mind of (Jambridi^a^ to a 
fresh eoursc (d* real iina^stiir-ttion — lias (ihuirly camod 
his ])la(‘e in human nuanory.” It was thus tliat 
Pnd'ossor IjOwis Campbell and ^Ir. Carnett 1 o^^an in 
1(S(S2 th(‘ir life of James Cloik Maxwell. 11io years 
wliiiJi have passed, sin<*o that date, have all tended to 
strengthen the belief in the gi’oatness of Maxwell’s 
work and in lint fertility of his genius, which has 
ins})ircd the labours of those Avho, not in ClaTubridge 
only, but throughout the world, have aided in de- 
veloping tlie se(‘ds sown by him. My object in the 
following pages will be to give some very brief 
account of his life and writings, in a form Avhich may, 
I ho]Kt, enable iriany to realise what JMiysieal Science 
owes to one who was to me a most kind friend as Avell 
as a revered master. 

The Clerks of Penicuik, from whom Clerk MaxAvell 
was descended, were a distinguished family. Sir John 
Clerk, the great-great-grandfather of Clerk Maxwell, 
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was a Baron of the Exchequer in Scotland from 1707 
to 1755 ; he was also one of the Commissioners of 
the Union, and vvas in many ways an accomplished 
scholar. His second son Ceorge married a first cousin, 
iJorothea Maxwell, the heiress of Middlcbie in Dum- 
friesshire, and took the name of Maxwell. By the 
death of his elder brother James in 1782 George 
Clerk Maxwell succeeded to the baronetcy and the 
property of Penicuik. Before this time he had 
become involved in mining and manufacturing specu- 
lations, and most of the Middlcbie property had been 
sold to pay his debts. 

The property of Sir George Clerk Maxwell de- 
s(jended in 1798 to his two grandsons, Sir George 
('lork and Mr. John Clerk Maxwell. It had been 
arranged that the younger of the two was to take 
the remains of the Middlcbie property and to assume 
with it the name of Maxwell. Sir George Clerk was 
member for Midlothian, and held office under Sir 
Robert Peel. John Clerk Maxwell was the father of 
James Clerk Maxwell, the subject of this sketch.* 

John Clerk Maxwell lived with liis widowed mother 
in Edinburgh until her death in 1824. He was a 
lawyer, and from time to time did some little 
business in the courts. At the same time ho main- 
tained an interest in scientific pursuits, especially 
those of a pracJlcal nature. Professor Canipbcll 
tells us of an endeavour to devise a bellows which 
would give a continuous draught of air. In 1881 he 

* A full biographical account of the Clerk and Maxwell families 
is given in a note by Miss Isabella Clerk in tlie “ Life of James Clerk 
]Mjixwell,” and from this the above brief statement has been taken. 
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ooiHribiited to the Edinburgh Media d and Philosoph- 
ical Journal a paper entitled ‘'Outlines a Pla?^ 
for combining Machinery with the Manual Printini( 
Press.’* 

In 1(S2G John Clerk Maxwell inaiTicd Miss Frances 
('a 3 ^ of North Charltou. Nortluiinberland. J'.^r the 
first few years of their married life their home was in 
Kdinbiirgli. The old estate of Jliddlebie had been 
gn^atly reduced in extent, and there v*as not a house 
on It ill which the laird could live. However, soon 
after his marriage, John Clerk Maxwell purchased the 
adjoining property of (llenlair and built a mansion- 
Iiousc for himself and liis wife. Mr. Maxwell super- 
intended ohe building tvork. The actual working 
plans (or some further additions made in 1848 were 
his handiwork. A garden was laid out and planted, 
and a dreary stony waste was converted into a 
[ilcasant home. For some years after he settled at 
( denlair the house in Edinburgh was retained by Mr. 
Maxwell, and here, on June 18, 1881, was born his 
only son, James (lerk Maxwell. A daughter, born 
earlier, died in infancy. (Tlenlair, howrever, was his 
[parents’ home, and ij(‘arly all the reminiscences we 
have of liis childhood arc connected with it. The 
laird devoted himself to liis estates and to the educa- 
tion of liis son, taking, how'ever, from time to time 
his full share in such county business as fell to him. 
Chnlair in 1880 wois very mu(*h in the wilds ; the jour- 
ney from Edinburgh occupied two days. “Carriages 
in the modern sense were hardly known to the Vale of 
Urr. A sort of double gig with a hood was the best 
apology for a travelling coach, and the most active 



12 


JAMES CLERK MAXWELL 


mode of locomotion was in a kind of rou^i,di dog-cart 
known in the family speccli as a Imrly.” * 

Mrs. Maxwell writes thiisf, when the boy was 
nearly throe years old, to her sister, Miss Jane Cay : — 

‘‘ He is a very lia]>)>y man, and has im]n-ovcd much since 
the weather mod(‘ratc. lie has .ai’eat work with doors, 
locks, keys, etc., and ‘Show me liow it doos’ is never out of 
his mouth. He also investigates the hidden course of streams 
and hell -wires— the way the water gets from the ])ond through 
the wall and a ])end or small bridge and down a drain into 
Water Oir, then i)ast the smiddy and down to the sea, where 
Maggy’s shij)s sail. As to the hells, they will not rust; he 
stands sentry in the kitchen and Mag runs through the liouse 
ringing them all l)y turns, or he rings and sends Bessy to see 
and shout to let him loiow : and he drags ]>a]>a all over to 
show' Jiim tlie lioles where' the wires go through.” 

To discover “ how it doos” w'as Urns early liis aim. 
llis cousin, Mrs. Blackburn, tells us that throughout, 
his childhood his constant question was, “ What’s the 
go of that ? AVhat does it do ^ ” And if the answer 
were too vague or inconclusive, ho would add, “But 
wdiat.’s ihii pa liicvliir go of that ” 

Professor ( Jampbell’s most interesting acc.ount of 
these early years is illustrated by a Jiumber of 
sketches of episodes in his life. In one Maxwell is 
absorbed in wat(diing tbe fiddler at a country dance ; 
in another he is teaching liis dog some tricks ; in 
a third he is hcl])ing a snialler boy in bis efforts 
to build a castle. 1\)gether with his cousin, Miss 
WTHldorbiirn, he devised a number of figures for a 


* “ Life of J. C. Maxwoll,” p. 2G. 
t “ Life of J. C. Maxwell,” p. 27. 
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toy known as a magic disc, w>iich afterv/ards de- 
v^eloped into the zoe trope or wheel of life, and in 
which, 1)}^ means of an ingenious contriv^ance of 
mirrors, the impression of a continuous Tuovcmei't 
was produced 

This happ 3 ^ life wont on until his mother’s death 
in ])ecemb(}r, 1889 ; she died, at the age (d* forty-eight, 
of the ]jainlul disease to whicdi hoi* son afterwards 
succumbed. Wlien James, being then eight veiirs old, 
‘was told that she Avas now in heaven, he said : 

I’m so glad ! Now shtfll have no more pain.’’ 

After this his aunt. Miss Jane ( -ay, took a mother’s 
place. The problem of his edu(‘ation had to bo faced, 
and the first attempts were not successful. A tutor 
had been engaged during Mrs. Maxwell’s last illness, 
and lie, it seems, tried to coerce Clerk Maxwell into 
learning; but such treatment failed, and in 1841, 
when ten years old, he began bis school-life at <he 
Jl]( I i nbn rgli A oa( loi 1 1 } . 

School-life at first had its liard ships. Maxwell’s 
appearance, his first day at school, in GalloAvay home- 
spmi and sejuare-toed shoes with buckles, Avas more 
than his felloAVS could stand. “ Who made those 
shoes ? ” they asked * ; and the reply they received 
Avas — 

“ JJiv ye kep Twas a man, 

And he Ih^ed in a house, 

In Avhilk was a mouse.” 

He returned to Heriot Kow that afternoon, says 
Professor Campbell, “ with his tunic in rags and 


* ‘‘Life of J. C. Maxwell,” p. 49, 
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wanting the skirt, his neat frill rumpled and torn — 
himself excessively amused by his experiences and 
showing not the slightest sign of irritation.” 

No. 81, Heriot Kow, was the house of his widowed 
aunt, Mrs. Wedderburn, Mr. MaxweH’s sister ; and 
this, with occasional intervals when he was with Miss 
Cay, was his home for the next eight or nine years. 
Mr. Maxwell himself, during this period, spent much 
of his time in Edinburgh, living with his sister during 
most of the winter and returning to Glenlair for the 
spring and summer. 

Much of what we know of Clerk Maxwell’s life 
during this period comes from the letters which 
])assod between him and his father. They tell us of 
the close intimacy and aftection which existed be- 
tween the two, of the boy’s eager desire to please and 
amuse his father in the dull solitude of Glenlair, and 
his father’s anxiety for his welfare and progress. 

Professor Campbell was his schoolfellow, and 
records events of those years in which he shared, 
which bring clearly before us what Clerk Maxwell 
was like. Thus he writes * : — 

“He came to know Swift ami Dryden, and after a while 
Hobhes, and J3utlcr’s ‘ Hudibras.’ Then, if liis father was in 
Edinburgh, they walked together, es})ecially on the Saturday 
half -holiday, and ‘viewed’ Leith Fort, or the preparations for 
the Granton railway, or the stratification of Salisbury Crags 
—always learning somotliing new, and winning ideas for im- 
agination to feed 111 ) 011 . One Saturday, Febi-uary 12, 1842, he 
had a special treat, being taken ‘to see electro-magnetic 
machines.’ ” 


♦ “ Life of J. C. MaxweU,” p. 62. 
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And again, speaking of his school-life : — 

But at sclioo] also he gradually made his way. He soon 
discovered that Latin was worth learning, and the Greek 
Delectus interested him when we got >so far. And there were,, 
twu subjects in which he at once took the foremost place, 
when he had a fab’ chance of doing so ; these were Scripture 
Biography and English, in arithmetic as well as in Latin his 
conipai’iitive want of readiness kej[)t him down. 

“On th(3 whole iie attained a measure of success whicli 
helped to secure for him a certain respect ; and, however 
^strange he sometimes seemed to his companions, lie had three 
(pialitles whicli they could not fail to understand— agile 
strength of limb, im})erturbable courage, and profound good- 
nature. Professor James Muirhead remembers him as ‘a 
friendly boy, though never quite amalgamating with tlie rest.’ 
And another old class-fellow, the Rev. W. Macfarlane of 
Lenzie, records the following as his impi’ession ‘ Cderk 
Maxwell, when he entered the Academy, was somewhat rustic 
and somewhat eccentric. Boys called him “Dafty,”an(l used 
to try to make fun of him. On one occasion I remember he 
turned with tivmeiidons vigour, with a kind of demonic ha’ce, 
on Ins tormt'iilors. I think he was let alone after tliat, and 
gradually won tlie respect even of the most tliouglitless of liis 
school follows.' ” 

'Pile first reference to mathematical studies occurs, 
says Professor Campbell in a letter to his father 
written soon after his thirteenth birthday.* 

“After describing the Virginian Minstrels, and betwixt 
imiuiries after various pets at Gienlair, he remarks, as if it 
were an ordinary piece of news, ‘ I have made a tetrahedron, 
a dodecahedron, and two other liedrons, whose names I don't 
know.’ We had not yet begun geometry, and he had certainly 
not at this time learnt the definitions in Euclid ; yet he had 


♦ “ Life of J. C. Maxwell,’* p o6. 
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not merely lealised the nature of tlie five regulai’ solids 
sufficiently to construct them out of pasteboard with ap- 
jn’oximatc accuracy, but had further contrived other sym- 
metrical polybed ra derived from them, s]>ecimens of which 
(as im]«*oved in IShS) may be still seen at the I'aveiidish 
Laboratoiy. 

“Who first called his attention to the }>yramid, cube, etc., 1 
do not know. He may have seen an account of them by 
chance iji a book. Jhit the fact remains that at this early time 
his fancy, like that of the old (Ireek geometej's, was aia-ested 
by these ty]K*s of complete symmetiy ; and his ima^^ination so 
thoron.ahly mastered them that In* ]M'oce(‘ded to make them 
with his own hand. That he himself attacherl more importance 
to this moment than the letter indi(;alos is ]>rovi‘d by the caix* 
with which lu* has pre.serve<l these perishable tliin^^s, so that 
they (or those which r(‘placed them in 1848) ai’c still in 
existence after thirty- seven years.” 

Tlu^ sinniiKn’ liolidays wtnv. s[)(uit at (.ilunhiir. 
Tlis ('ousiii, Miss Jciiiiiini Wodderbnni, was witli hun, 
and sliared bis play. Her skilled pencil lias loft ns 
many aninsino- pictures of the time, some of which 
are reproduced by Professor Oampbcll. There were 
expeditions and pi('ni('.s of all sorts, and a new to\^ 
known as “ the devil on two sticks ” afforded infinite 
amusement. The winter holidays usnally found him 
at Penicuik, or occasionally at (dasgow, wdth Professor 
Hlackburno or Professor W. Thomson (now Lord 
Kelvin). In October, 1(S44, Ma.xwell Avas promoted 
to the rector’s class-room. John Williams, afterwards 
Archdeacon of Oardigan, a distinguished Baliol man, 
Avas rector, and the change Avas in many Avays an 
important one for Maxwell. He Avrites to his father : 

“ 1 like P better than H . We have lots of 

jokes, and he speaks a great deal, and Ave have not 
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SO much monotonous parsing. In the English Milton 
is l^etter than the History of Greece. . . 

P was the boys’ nickname for the rector : 

]] for Mr. Carniichac]- the second master This^ 

is the account of MaxweiPs first intervi(‘w with the 
rector : — 

Rector: ‘‘.What part of Gallou^av do you come 
from ? ” 

J. C. M.: “From the Vale of Urr. spell it 
*^0, err, err, or oo, err, err.” 

The study of geometry was begun, and in the 
mathematical master, Mr. Gluag, Maxwell fiumd a 
teacher with a real gift for liis task. It was here 
that Maxwell’s vast superiority to many who were 
his companions at once showed itself. “Ho seemed,” 
says Professor Campbell, “to be in the heart of the 
subject when they were only at the boundaiy; but the 
boyish game of cont;esting point by point with sech 
a mind was a most wholesome stimulus, so that the 
mere cxen^iso of faculty was a pure joy. With 
Maxwell the Hrst les.sons of geometry branched out 
at once into iiupiiries wliicli became fruitful.” 

In July, JS45, he writes : — 

“I have got tlie 1 Itli jH-ize for Scliolarship, the 1st for 
Englisli, the prize for English verses, aiid tlie Mathematical 
Medal. 1 tried for Seri] dure knowledge, find Hamilton in the 
7th has got it. We tried for the Medal on Thursday. I had 
done tliem all, and got liome at half-past two ; but Camj)l>ell 
stayed till four, i was rather tired with writing exercises 
from nine till half-past two. 

“(Campbell and I went ‘once more unto the b(r)each 


* “ Life of J. C. lUaxwell,” p. C7. 
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to-day at Portobello. I can swim a little now. Caini)bell has 
f?ot (y i)rizes. He got a letter written too soon, congratulating 
him ui)on my medal ; but there is no rivalry betwixt us, as 
H - - ('armichael says/’ 

After a suiiiiuer spent chiefly at Glenlair, he 
returned with his hither to Edinburgh for the winter, 
and began, at the age of fourteen, to go to the 
meetings of the Royal Society of Edinbiirgh. At 
the Society of Arts he met Mr. R. 1). Hay, the 
decorative painter, who had interested himself in the' 
atteiript to reduce beauty in form and colour to 
mathematical principles. Clerk Maxwell was in- 
terested in the question how to draw a perfect oval, 
and devised a method of drawing oval curves which 
was referred by his father to Professor Forbes for 
his criticism and suggestions. After discussing the 
matter with Professor Kelland, Professor Forbes 
wrote as follows * : — 

“My Dear Sir, — I am glad to hud to-day, from Professor 
Kelland, that his ojhiiion of your son’s j^aper agrees with mine, 
namely, that it is most ingenious, most ereditable to him, and, 
Ave believe, a new way of considering higher curves with 
rcfereiuie to foci. Unfortunately, these ovals appear to be 
(‘lin es of a very high and intractable order, so tliat possibly 
the elegant method of description may not lead to a corre- 
sponding sim])licity in investigating their i)i'0]>erties. But that 
is not the present ])oint. If you wish it, I think that the 
simplicity and elegajice of the method would entitle it to be 
brought before the Hoyal Society. — Believe me, my dear sir, 
yours truly, “James D. Forbes.’ 

In consequence of this, Clerk Maxwell’s first * 

* “ Life of J. C. Maxwell,” p. 75. 
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published paper was co^ninuuicated to the Hoyal 
Society of Edinburgh on i^pril Oth, i84o, when ns 
author was barely tlfteen. its title is as folio vvs : 
“ Du the Descriptiim of Oval (^u•vos and iliose hav.i.g 
a riurality of Foci. By Mr Clerk Maxw^^ll, »Uinior. 
With Remarks oy Professor Jborbes ( Wnuainicatod 
by Professor Forbes/ 

Fhe n(>tic«'r in !iis fathers diary runs . M. G [Ap., 
184G.] Royal Society Aviih 4 as. Professor Forbes 
gccvc ac^l/. of James's Ovtils. Mot with very groat 
attention and aj>probation gcaierally." 

This was the beginning of the lifelong friendship 
between Maxwell and Forbes. 

The curves investigated by Maxwell have the 
property that the sum found by adding to the 
distance of any point on the curve from one focus 
a constant multi})lo of the distance of the same point* 
fi’oin a second focus is always constant. 

The curves arc of great imporDince in the 
theory of light, for if this constant fiictor cx- 
]>rcsses the refractive index of any medium, then 
light diverging from one focus without the medium 
and refrac'Xed at a surhxce bounding the medium, and 
having the form of one of Maxwell’s ovals, will be 
refracted so as to converge to the second focus. 

About tlie saiue time he was busy with some 
investigations on the properties of jelly and gutta- 
percha, which seem to have been suggested by Forbes’ 
‘‘ Theory of Glaciers.” 

He failed to obtain the Mathematical Medal in 
1846 — possibly on account of these researches — but 
he continued at school till 1847, when he left, being 

B 2 
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then first in mat hematics and in English, and nearly 
first in Latin. 

In 1847 he was working at magnetism and the 
polarisation of light. Some time in that year he was 
taken by his uncle, Mr. John Cay, to see William 
Nicol, the inventor of the polarising prism, who 
showed him the colours exhibited by polarised light 
after jiassing through imannealed glass. On his 
return, he ma<le a ])olariscopc with a glass reflector. 
The framework of the first, instrument was of caixh 
board, but a superior arti(‘.1e was afterwards constructed 
of wood. Small lenses mounted on (cardboard were 
employed when a. (jouicjil pencil was needed. By 
means of this instriniKmt he examined tin* figures 
exhibited by pieces ol’ unannealed glass, which he 
prepared himself; and, with a camera lucida and box 
of colours, he reproduced these figures on papei*, 
taking care to sketch no outlines, but to shade eacdi 
(joloured band imperceptilJy into the next. Some of 
these coloured drawings lie forwarded t-o Nicol, and 
was more than rei^aid by the receipt, shortly after- 
wards of a ])air of prisms prepared by Tsicol himself. 
These ])risms were always very highly ])rized by 
Maxwell. Cnee, when at Trinity, the little box 
containing them was carried ott‘ by his bed-maker 
during a vacation, and destined for destruction. The 
bed-maker died before term commenced, and it was 
only by diligent search among her effects that the 
pi’isms were recovered.* After this they were more 
carefully guarded, and they are now, together with 
the wooden polariscopc, the bits of unannealed glass, 
Professor Garnott iu Nature, November 13ih, 1879. 
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and the water-colour drawings, iu one <. r the show- 
cases at the Cavendish Laboratcry. 

About this thii Professor 1\ G, Tait and lie v. ero 
schoolfellows at the Ataideniy, ackiKO'lodg-ed as f'lo 
two best niatfiematicians in the s^Ja-jl. It was 
thoughi, desirablo, Sciys Jhofessor CaoijiUcII, lliat ‘‘ we 
should have lessons in plixsieal sciorce. so on (3 of the 
classical Masters gave thotn oti( of a text -book. . . . 
The only thing l distinctly rian anbcr about these 
hours is that Maxwell and 1\ (h Tait scciiud to know 
niach jnore about tlto subject than our teacher did.’' 

An interesting accoimt of those days is givoJi by 
Professor Tait in an obituary notice on Maxwell 
])rinted iu the “ I^’occcdings of tlie Uoyal Society of 
Edinburgh, L(S71)-80,” from which the following is 
taken : — 

“Wlaai I first iiijuh* 1 1erk Max Wfirsacquaintaaoe, ahrait 
tliii ly-livc > »‘ars ay >, at tla*. Ivlinlairyli Acadtaiiy, la^ a as a 
year ln^l'oiv me, lu-iiiy in tin' fifth ( lass^ while 1 was in tla^ 
fnurtii. 

At scliool he WHS at hivt regarded as shy and ratlier dull, 
lie made no friendslsi ps, and he spent liis occasional holidays 
in reading old ballads, draw iny curious diayiains, and makiny 
rude inecliauical models. This absorption in siicli ]mrsuits, 
totally unintelliyib](’ to liis ^cliooliellows (wlio were tlam (piiUi 
innocent of mat]iemati<;s), of course procured liim a not very 
c(mi])limentary nickname, wdiicli 1 know' is still remembered 
by many Fellows of tliis Society. About tlie middle of Ids 
school career, however, lie surprised his companions by 
suddenly becumiiny one of tla^ most brilliant among them, 
gaining high, and sometimes the highest, prizes for scholar- 
ships, mathematics, and English verse coinjiosition. Erom 
this time forward I became very intimati'- witli Inni, and w’c‘ 
discussed together, with sclioolboy cntliusiasm, numerous 
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curious problems, among* wliich I rememl>er particularly the 
various plane sections of a ring or tore, and the form of a 
cylindrical mirror which should show one his own image 
nnperverted. I still possess some of the MSS. we exchanged 
in 18 U) and early in 1847. Those by Maxwell are on ‘The 
Conical rendiiliini,’ ‘ Descartes’ Ovals, ^ ‘ Meloid and Apioid,’ 
and ‘ Trifocal (Airves.’ All are drawn up in stricd geometrical 
form and divided into consecutive propositions. The three 
lattei* are connected with his first jmblished )>ai)er, communi- 
cated by Foi'bes to this society and printed in our ‘Proceed- 
ings,’ vol. ii., under the title, ‘On the Descri])tion of Oval 
Curves and those having a Plurality of Foci’ CB4()). At the 
time when these pai)ers wore written he had received no 
instruc.tion in mathematics beyond a few books of Euclid and 
the merest elements of algebra.” 

In Movoinbcr, J847, Clerk Maxwell entered the 
University of Edinburgh, learning mathematics from 
Kelland, natural ])hilosopliy from J. D. Forbes, and 
logic from Sir W. R. Ifamilton. At this time, accord- 
ing to Professor Campbell* — 

“lu* still occasioned some coiuiern to tin*, more c»)n\cn- 
tional amongst Jiis friends by the originality and simjJicity i>f 
his ways. His reiJies in ordinary conversation wei*e indirect 
and enigmatical, often uttm'cd with hesitation and in a 
monotonous key. While extremely neat in his ])erson, he had 
a rooted objection to the vanities of starch and gloves. He 
had a pious horror of destroying anything, even a scrap of 
writing-paper, lie ))referred travelling by the third class in 
railway journeys, saying he liked a hard seat. When at table 
he oftiiii seemed abstracted from what was going on, being 
absorbed in observing the effects of refracted light in the 
finger-glasses, or in trying some exj>eriment with his eyes — 
seeing round a corner, making invisible stereoscoi)es, and the 
like. Miss Cay used to call his attention by crying, ‘J anisic, 
you're in a proj).’ He never tasted wine ; and he spoke to 
* “ Life of J. C. Ma.\well," p. lOo. 
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gentle and simple in exactly the rvame tone. On the other 
hand, his teachers— Fori )es above all — had formed the higle'st 
ojujiion of his ijjtelicctual origijiality and foiru ; and a few 
experienced observers, in watchi .g lus dt votion to his father, 
l>egan to have sotiie inkling of his heroic singleness of ie art. 
To Ids college companions, whom lie could select at will, 
his quaint humour w^as an endless delight. chief associates, 
after 1 w^ent to the ITidversity of Glasgow, were my brother, 
Robert Campbell (still at the Academy), P. 0. Tait, and AHm 
Stew'art. Tait went to Petcrhoiise, (Cambridge, in 1848, iifter 
(me session of the University oi Etlinourgh ; Ste w:\rt to the 
same college in 1849 ; Maxwell did not go up until 1850.” 

During tills jieriod he wrote two Important papers. 
The one, on “ Rolling Curves, ' was read to the 
Royal Society of Edinburgh by Professor Kclland 
— (“ it was not thought proper for a boy in a round 
jacket to niount the rostrunC’) — in February, 1849; 
the other, on “The Equilibrium of Elastic Solids,” 
appeared in the spring of 1850. 

The vacations were spent at Clenlair, and we Icarii 
from letters to Professor (-ampbell aiul otbers bow 
the time was passed. 

“On Saturday,” he writers* — April 2Gth, lvS48, just 
after his arrival home — “the natural philosophers 
ran up Arthur’s Seat with tlie barometer. The 
Professor set it down at the top. . , . Ho did not 

set it straight, and made the hill groiv fifty feet; but 
we got it down again,” 

In a letter of July in the same year he describes 
his laboratory ; — 

“I have regularly set up shop now above the wash-house 
at the gat(^, in a garret. I have an old door set on two ))arrels, 

*■ “ Jiifc of J. C. Maxwell,” p. IKJ. 
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and two chairs, of which one is sale, and a skylight above 
which will slide u]) and down. 

“On the do(n' (or table) there is a lot of l>owls, jugs, 
]>lates, jam i>igs, etc., containing water, salt, soda, sulphuric 
acid, blue vitriol, plumbago ore; also broken glass, iron, and 
coj)])er wire, copper and zinc plate, bees’ wax, sealing wax, 
clay, rosin, charcoal, a lens, a Smee’s galvanic a])paratus, and 
a countless variety of little be(‘tles, s]hders, and wood lice, 
which fall into the different lhiui<ls and ])oison themselves. I 
intend to get up some more galvanism in jam pigs ; but I 
must first copper the interiors of the pigs, so I am experiment- 
ing on the best methods of electrotypiug. So I am making 
copijcr seals with the device of a beeth\ First, I thought a 
l)eetle was a good conductor, so 1 embedded one in wax (not 
at all ci'uel, because I slew him in boiling water, in which he 
never kicked), leaving liis back out ; but he would not do. 
Then I took a cast of him in sealing wax, and )>ressed wax 
into the hollow, and blackleaded it with a brush ; but neither 
would that do. So at last I took my fingers and rubbed it, 
which J find the best way to use* the blackh‘ad. Tlum it 
copjiered famously, f niell out. the wax witli tlu*. lens, that 
lu‘ing the cleanest way of giJting a strong heat, so 1 do most 
things with it that need heat. To-day 1 astonished the 
nalivt's as follows. 1 took a crystal of ])luo vitriol and ])ut 
the lens to it, and so drove off the water, leaving a white 
powder. Then 1 did the same to some washing soda, and 
mixed the two Avhite ])owders together, and Jiiade a small 
native s})it on them, which turned them green by a mutual 
(‘xcha.ng<?, thus : — J. Sulphate of copper and carbonate of soda. 
2. Sulphate of soda and carbonate of cojjper (blue or green).” 

Of bis reading he says : — “ I am reading Herodotus’ 
‘ Euterpe/ having taken the turn — that is to say that 
sometimes I can do props., read Diff. and Int. Ckilc., 
Poisson, Hamilton’s dissertation, etc.” 

In September lie was busy with polarised light. 
“We were at Castle Douglas yesterday, and got 
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crystals of saltpetre, which ] have beoii cuttin <7 up 
into plates to-day in hopes to see rings.” 

In July, 1849, he writes * : — 

‘*I have set u]) the nacliiae for showuiu* tb'". in 

crystals, which I i)lanned during" yor'- visit last yoa'\ It 
answers very well. I also made some experiments on coin- 
pr(‘ssed jollies in illustration (»f my pro]>.s. on that suljeci. 
The ])rmci))al one was this Tlic jelly is [umrod while hot 
ijdo the annular sj)ace contaiiied hotwren a paper cylinder and 
a cork; then, when cold, the cork is twisted i )nnd sind tin* 
jelly ex})osed to polarised li^^ht when a transverse cross, x, 
noc +, apj)ears, with rings as the inver.^e s(]iiare (>f the ra<liiis, 
all wiiich is fully verified. Hip ! etc. Q.E.D.^’ 

And again on March 22nd, 1850 : — 

“At Practical Mechanics 1 have keen turning Devils of 
sorts. For ])i'ivate studies I have beeti reading Young’s 
‘Lectures,’ Willis’s ‘rrincij>les of Mechanism,’ Moselc.y’s 
‘Engineering and iMechanics,’ Dixon on ‘ Jl(‘at,’ and Moigno’s 
‘llepertoire d’Optiipie.’ This last is a very coni))lete aiiahsis 
oT all that, has Ihmmi done, in Ihc optieal way from Presjiel to 
the. end of 1841), and th(‘re is another V(4umc a coming whi(*h 
will com])letc the work. There, is in il, besides common optics, 
all about the. other things which accom])any light, as licat, 
chemical action, photographic rays, action i)n vegetables, etc. 

“My notions are rather few, as f do not ('ulerfaui them 
just now. I have a notion for the torsion of wires and rods, 
not to be made till tbe vacation ; of experiments on the action 
of comjnession on glass, jelly, etc., numerically done up; of 
papers for tlic Pliysico-Mathematical Society (wliich is to 
revive in earnest Jiext session !) ; on tlie relatit)ns of optical 
and mechanical constants, their dosira})le7)ess, etc. ; and siis- 
})cnsion bridges, and catefjaries, and elastic curves. Alex. 
Campbell, Aguew, and I are appointed to read uj) th(^ subject 
of periodical shooting stars, and to pre])are a list of th(‘. 
phenomena to be observed on the 9th August and I3tli 
* “Life of J. C. Maxwell,” pp. 12.4-121). 
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November. The society’s ])arometer is to be taken up Arthur’s 
Seat at tlie end of the session, wlien Forbes ^ 2 :oes up, and All 
students are invited to attend, so that the existence of the 
society may be recognised.” 

It was at last settled that ho was to go up to 
Cambridge. Tait had been at Peterhouse for two 
years, while Allan Stewart had joined him there in 

1849, and after much discussion it was arranged that 
Maxwell should enter at the same college. 

Of this period of his life Tait writes as follows : — 

“The winter of 1847 found us together in the classes of 
Forbes and Kelland, where he highly distinguished liimself. 
With the former he was a jiarticular favourite, being admitted 
to the free use of the class ap])aratus for original ex])eriinents. 
He lingered here behind most of his former associates, having 
spmit three years at the University of Edinburgh, working 
(without any assistance or supervision) with physical and 
clieinical apparatus, and devouring all sorts of scientific works 
in the library. J luring this period he wrote two valuable 
])apcrs, which are published in our ‘Transactions,’ on ‘The 
Tln'ory of Rolling (hirves’ and on ‘The Equilibrium of Elastic 
Sol ills.’ Thus he bi ought to (kinbridge, in the autumn of 

1850, a mass of knowledge wliich was really immense for so 
young a man, but in a state of disorder ai)palliug to his 
methodical i)rivate tutor. Though that tutor was William 
Hopkins, the pupil to a great extent took his own way, and it 
may safely be said that no high wrangler of recent years ever 
entered the Senate House more imperfectly trained to produce 
‘paying’ work than did (‘lerk Maxwell. But by sheer strength 
of intellect, though with the very minimum of knowledge how 
to use it to advantage under the conditions of the examina- 
tion, he obtained the position of Second Wrangler, and was 
bracketed equal with the Senior Wrangler in the higher ordeal 
of the Smitli’s Prizes. His name appears in the Cambridge 
‘Calendar’ as Maxwell of Trinity, but he was originally 
entered at Peterhouse, and kept his first term there, in that 
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small hut most ancient foundation which lias of late furnished 
Scotland ^ith the majority of the professors of mathematics 
and natural philosophy in her four universities.” 

While W. D. Niven, in bin preface lo Maxwell’s 
collected works (p. xii.), says : — 

‘•It may readily lie supposed that his puparatory ti-aining 
for the Cambridge course was far removed from the oi’dina.y 
tyfie. There had indeed for some tinio been practically no 
restraint U])on his plan of study, and his mind had been 
'allowed to follow its natural bent towards science, though not 
to an extent so absorbing as to witJidraw him from other 
jiursuits. Though he was not a sportsman— indeed, sport so- 
called was always repugnant to him- -he was yet ex(;eedingly 
011(1 of a country life. He was a good horseman and a good 
swimmer. Whence, how^ever, he derived his chief enjoyment 
may be gathered from the account which Mr. Campbell gives 
of the zest with which he quoted on one occasion the lines of 
Burns w^hicli describe the poet finding inspiration while 
wandering along the banks of a stream in the free indulgence 
of his fancies. Maxwell was not only a lover of poetry, but 
hims(?lf a poet, as the fine pieces gatlicred togethei- by Mr. 

( ■ampliell abundantly testify, lie saw, however, tliat his true 
calling was science, and never regarded these poetical offoi'ts 
as other than mere pastime. Devotion to science, already 
stimulated by successful endeavour ; a tendency to ponder 
over philosophical problems ; and an attachment to English 
literature, particularly to English poetry these tastes, im- 
planted in a mind of singular strength and purity, may be said 
to have been the endowments with wliich young Maxwell 
began his Cambridge cai*eer. Besides this, his scientific 
reading, as we may gather from his pa})ers to the lloyal 
Society of Edinburgh referred to above, was already extensive 
and varied. He brought with him, says Professor Tait, a mass 
of knowledge which was really immense for so young a man, 
but in a stat(' of disorder ai)palling to liis imdhodical private*, 
tutor. 
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CHAPTER 11. 

ITNDEU(;HADITATE life at camiuudoe. 

Maxwell did not remain long at Pcterhouse ; bcfoi’e 
the end of Ins first term he migrated to Trinity, and 
was entered under Dr. Thompson December 14th, 
1850. He ap})carcd to the tutor a shy and diffident 
youth, but presently surprised Dr. Thompson by 
})roducing a bundle of papers — copies, probably, of 
those he had already published — and remarking, 
“ Perha])s these may show that I am not unfit to 
enter at yoiu* College.” 

The (diange was pressed upon him by many 
friends, tlie grounds of the advice being tliat, from 
the large number of high wranglers recently at 
Pelerhouse and the smallness of tlie foundation, the 
chances of a fellowship there for a mathemati(*al 
man were less than at Trinity. It was a step he 
never r(‘gretLcd ; the pvospet'.t of a Fellowship had 
but little influence on his mind. He found, however, 
at the larger college ampler opportunities for self- 
improvement, and it was possible for him to select his 
friends from among men whom he otherwise would 
never have known. 

The record of his undergraduate life is not very 
full ; his letters to his father have, unfortunately, 
been lost, but we have enough in the recollections of 
friends still living to picture what it was like. At 
first he lodged in King’s Parade witli an old Edin- 
burgh schoolfellow, Cl H. Robertson. He attended the 
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C'ullege lectures on mathematics, thouL,h tlioy v:oro 
somewhat elementary, and worked as a private pupil 
with Porter, of Peterhouse. His father Acritcs to him, 
November, 1850: ‘'Have you called cu Profcosors 
Sedgwick, at Triii., and Stokes, at l iubrokoi' If 
not, you should do both. Stokes will be most in your 
line, if he takes you in hand at all Sedgwick is also 
a great Don in his line, and, if vou were entered in 
geology, would bo a most vchiablr accpiaintancu*.” 

In his second year he bccaini, a ])upil of IJopkin:;, 
tlie great coacli ; he also attended Stokes’ lectures, 
and the friendship which lasted till his death was 
tlius begun. In Ajnil, 1852, he was elected a scholar, 
and obtained rooms in College Old (burt). In 
dune, 1852, he came of age. “ J trust you will be as 
discreet when major as you have ooen while minor,” 
writes his lather tlie day before. The next acad(nni(; 
year, Ocl-ober, 1(852, to dune, 1(858, was a very busy 
one; liard grind for the Tripos (‘(‘cupiod his time, and 
lie seems to have been tliorougljly overstrained. He 
was taken ill while sta}ing near Lowestoft with the 
Rev. (I B. Tayler, the uncle of a College friend. His 
own account of the illness is given in a letter to 
Professor Campbell*, dated »luly 14th, 1858. 

“You wrote just in time tor your letter to Joacli me as 1 
reached Cambridge. After examination, I went to visit the 
Rev. (I B. Tayler (uncle to a Tayler whom J think you have 
seen UTider the name of etc., and author of many 

tracts and other didactic works). Wo Jiad little exj>edites and 
walks, and things parochial and educational, and domesticity. 

1 intended to return on the 18tli June, but on the 17th 1 felt 


* •* Life of J. C. Maxwell," p. 190. 
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unwell, and took measures accordingly to be well again — i.e. 
went to bed, and made up my mind to recover. But it lasted 
more than a fortnight, during which time I was taken care of 
beyond expectation (not that I did not expect much before). 
When I was perfectly useless and could not sit up without 
fainting, Mr. Tayler did eveiything for me in such a way that 
I had no fear of giving trouble. So did Mrs. Tayler ; and the 
two neidiews did all they could. So they kept me in great 
happiness all the time, and detained me till I was able to walk 
about and got back strength. 1 returned on the 4th July. 

“ The conseipiencc of all this is that I correspond with Mr. 
Tayler, and have entered into bonds with the nephews, of 
all of whom more hereafter. Since J came here I have been 
attending Hop., but, with his ai)proval, did 7iot begin full 
swing. I am getting on, though, and the work is not grinding 
on the prepared brain.’^ 

During this period he wrote some papers for the 
(Jambrulge mid Dithlin Mathemat'imlJoiinud wdiich 
will he referred to again later. He was also a member 
of a discussion society known as the “ Apostles,’" and 
some of the essays contributed by him are preserved 
by I’rofessor Campbell, Mr. Niven, in liis preface to 
tlie collected edition of Maxw^ell’s works, suggests 
that the composition of these essays laid the founda- 
tion of that literary finish which is one of the 
characteristics of Maxwell’s scientific writings. 

Among his friends at the time were Tait, Charles 
Mackenzie of Cains, the missionary bishop of Central 
Africa, Henry and Frank Mackenzie of Trinity, 
Droop, third Wrangler in 1854 ; Gedge, Isaac Taylor, 
Blakiston, F. W. Farrar,* H. M. Butler,f Hort, V. 
Lushington, Cecil Munro, G. W. H. Tayler, and W. N. 
Lawson. Some of these who survived him have 
* Dean of Canterbury. t Master of Trinity. 
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given to Professor Canipbel] tlicir re<'‘Oiloctions of 
these undergraduate daj^s, which aie full of interest 
Thus Mr. Laws(>n writer * : — 

“There must be many of his quaint versos .i]>out, ii une 
could lay hands on them, for Maxwell was eonsiantly )>roducing 
something of the sort and bringing it round to his friends, 
with a sly chuckle at the humour, wliich, though his own, no 
one enjoyed more tlian himself. 

“ 1 remember Maxw‘*ll coming to me one morning witli a 
(!opy of verses beginning, ‘Gin a body meet a body going 
through the air,’ in which he had twisted the well-known song 
into a description of the laws of impact of solid bodies. 

“There was also a description which Maxwell wrote of 
some University ceremony — I forget what — in which somebody 
‘ went before ’ and somebody ‘ followed after,’ and ‘ in the 
midst were the wranglers, playing with the symbols.’ 

“ These last words, howevei meant, were, in fact, a descrip- 
tion of his own wonderful power. 1 remember, one day in 
lecture, our lecturer had filled the black-board three times 
with the investigation of some hard problem in Geometry of 
'J'hree Dimensions, and was not at the end of it, when Maxwell 
came up with a ((uestion whether it would not come out 
geometrically, and showed liow, with a figure, and in a few 
lines, there was the solution at once. 

“Maxwell was, I daresay you remember, very fond of a 
talk upon almost anything. He and I were i)upils (at an 
enormous distance apart) of Hopkins, and I well recollect hoAv, 
when I had been working the night before and all the morning 
at Hopkins’s problems, with little or no result, Maxwell would 
come in for a gossip, and talk on while I was washing him far 
away, till at last, about half an hour or so before our meeting 
at Hopkins’s, he would say, ‘Well, I must go to old Hop.’s 
problems’ ; and, by the time we met there, they were all done. 

“I remember Hopkins telling me, when speaking of 
Maxwell, either just before or just after his degree, ‘ It is not 

* “ Life of J. C. Maxwell,” p. 174. 
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possible for that man to think incorrectly on physical subjects ’ ; 
and Hoi)kius, as you know, bad had, perhaps, more experience 
of mathematical minds than any man of his time.” 

The last clause is part of a (piotation from a diary 
kept by Mr. Lawson at Cambridge, in which, under 
the date July 15th, 185J, he writes : — 

“ He (Hopkins) was talking to me this evening about 
Maxwell. He says he is unquestionably the most extra- 
ordinary man he has met A\ith in the whole range of his 
ex})erience ; he says it appears impossible for Maxwell to 
think incorrectly on physical subjects ; that in his analysis, 
however, he is far more deficient, lie looks upon him as a 
great genius with all its eccentricities, and prophesies that 
one day he will shine as a light in physical science— a prophecy 
in which all his fellow -students strenuously unite.” 

How ijiiuiy who have struggled through \hi\ 
“ Klc(d/ricity and Magnetism ” have realised tlK3 
(ruth of the r<?mark about the (correctness of his 
physical intuitions and the deticiency at times of 
his juudysis! 

Dr. Hiithu*, a friend of these early days, preached 
the Ihiiversity sermon on November J6th, 1871), ten 
days after Maxwidl’s death, and spoke thus : — 

“It is a solemn thing — even the least thoughtful is touched 
hy it -when a great intellect passes away into the silence and 
we see it no more. Such a loss, such a void, is i)resent, I feel 
certain, to many here to-day. It is not often, even in this 
great home of thought and knowledge, that so bright a light 
is extinguished as that which is now mourned by many illiis- 
t rious mourners, here chiefly, but also far beyond this place. I 
shall be believed when 1 say in all simplicity that I wish it had 
fallen to some more competent tongue to put into words those 
feelings of reverent affection which are, I am persuaded, upper- 
most ill many hearts on this Sunday. My poor words shall be 
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few, but believe me they come, froin the hean. i^ou know, 
brethren, with wliat an ea/rer pride we follow the fortunes )f 
those whom '•ve have loved and reverenced in our under- 
graduate days. We may see them but seldcm, few letters tiay 
pass between uc, bin their names are never ronim^'.n names. 
They never become tv us only wliat oilier men are. When 
I came up to Trinity twenty-eight ycar^ tgo, James Clerk 
Maxwell was just beginning his second vc.ir. His positioi* 
among us— I speak in the presti ce of many who remembm* 
that time— was unique. He was the one acknowledged man 
of genius among the undergraduates. We um’ersiood even 
then that, though barely of age, he was in his own line or. 
iiKiuiry not a beginner but a master. His name was already 
a familiar name to men of science. If he lived, it was certain 
that he was one of tliat small but sacred band to whom it 
would be given to enlarge the bounds of Imman knowledge. 
It was a position which might have turned the head of a 
smaller man ; but the friend of whom we were all so proud, 
and who seemed, as it were, to link us thus early with the 
great outside world of the pioneers of knowledge, had one of 
those rich and lavish natures which no prosperity can im- 
poverish, and which make faith in goodness easy for others. F 
have often thought that those who never knew the grand old 
Adam Sedgwick and the then young and ever-youthful Clerk 
Maxwell had yet to learn the largeness and fulness of the 
moulds in which some choice natures are framed. Of the 
scientific greatness of our friend we were most of us unable to 
judge ; but anyone could sec and admire the boy-like glee, the 
joyous invention, the wide reading, the eager thirst for truth, 
the subtle thought, the perfect temper, the unfailing reverence, 
the singular absence of any taint of the breath of worldliness 
in any of its thousand forms. 

“ Brethren, you may know such men now among your college 
friends, though there can be but few in any year, or indeed in 
any century, that possess the rare genius of the man whom we 
deplore. If it be so, then, if you will accept the counsel of a 
stranger, thank Cod for His gift. Believe me when I tell you 
that few such blessings will come to you in later life. There 
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are blessings that come once in a lifetime. One of these is the 
reverence with which we look up to greatness and goodness in 
a college friend — ^above us, beyond us, far out of our mental or 
moral grasp, but still one of us, near to us, our own. You 
know, in part at least, how in this case the promise of youth 
was more than fulfilled, and how the man who, but a fortnight 
ago, was the ornament of the University, and — shall I be 
wrong in saying it 'i — almost the discoverer of a new world of 
knowledge, was even more loved than he was admired, retain- 
ing after twenty years of fame that mirth, that simplicity, that 
child-like delight in all that is fresh and wonderful which we 
rejoice to think of as some of the surest accompaniment of* 
true scientific genius. 

“You know, also, that he was a devout as well as thought- 
ful Christian. T do not note this in the triumphant spirit of a 
controversialist. I will not for a moment assume that there is 
any jiatural opposition between scieiitific genius and simple 
Christian faith. 1 will not compare him with others who have 
had the genius without the faith. (Christianity, though she 
thankfully welcomes and deeply prizes them, does not need 
now, any more than when St. Taul first preached the Cross at 
Corinth, the speculations of the subtle or the wisdom of tlie 
wise. If I wished to shoAv men, especially young men, the 
living force of the Cospel, 1 w'ould take them not so much to 
a learned and devout Christian man to whom all stores of 
knowledge were familiar, but to some country village where 
for fifty years there had been devout traditions and devout 
practice. There they would see the Cospel lived out ; truths, 
which other men spoke of, seen and known ; a si)irit not of 
this world, visibly, hourly present ; citizenship in heaven daily 
assumed and daily realised. Such characters I believe to be 
the most convincing preachers to those who ask whether 
Revelation is a fable and God an unknowable. Yes, in most 
cases— not, T admit, in all - simple faith, even peradventure 
more than devout genius, is mighty for removing doubts and 
implanting fresh conviction. But having said this, we may 
well give thanks to Cod that our friend was w'hat he was, a 
firm Christian believer, and that his powerful mind, after 
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ranging at will through the illimit»ule spaces oi Creation and 
ahnost handling what lie railed * the fouTid a tiop -stones of lae 
material univorse,’ found its tiue rest and happiness in the 
love and the mercy of Him whom the humblest Christian ■ alls 
h»s Father. <.)f su'di a man it may be truly said that he had 
his citizenship in heavi'U, and that he lo 'ked for, as a Sa^iour, 
the Lord Jesus Christ, through whom the \mnuinbered worlds 
were made, and in the likeness of whose image our new and 
spiritual body will be lash’oned.'’ 

Tho Tripos came in January, lS5i<. “You will 
iioed to ^ot miifiblces fov the Senate Room. Take 
your plaid or n\g to wrap round your toot and legs," 
'vas his lather’s advice —advice Avtiich will appeal to 
many wlio can reinoir»ber the Seriate House as it felt 
on a cold January morning. 

Maxwell had been preparing carefully for this 
examination. Thus to his aunt, Miss Cay, in Juno, 
1853, he writes: — “If anyone asks how I am getting 
on ill mathematics, say that I am busy arranging 
everything so as (o be able to express all distinctly, 
so that examiner may be satistied now and pupils 
editicd hereafter. It ij> pleasant work and very 
strengthening, but not nearly finished.” 

Still, the illness of July, 1853, had left some effect. 
Professor Haynes states that he said that on entering 
tlie Senate House for the first paper he felt his mind 
almost a blank, but by-and-by his mental vision 
became pretornaturally clear. 

The moderators were Mackenzie of Cains, whose 
advice had been mainly instrumental in leading liim 
to migrate to Trinity, AViii. AValton of Trinity, 
Wolstcnholiiie of Christ’s, and Porcival Frost of St. 
John’s. 
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When the lists were published, Routh of Peter- 
house was senior, Maxwell second. The examination 
for the Smith’s Prizes followed in a few days, and 
then Routh and Maxwell were declared equal. 

In a letter to Miss Cay* of January 13th, Avhilo 
waiting for the three days’ list, ho writes : — 

“ All my correspondents have been writing to me, which is 
kind, and have not been writing (luestions, which is kinder. 
So I answer you now, while I am slacking speed to get up 
steam, leaving Lewis and Stewart, etc., till next week, when T 
will give an account of the Jive days, Tliere are a good many 
up here at jiresent, and we get on very jolly on the whole; but 
some are not w’eb, and some are going to be plucked or 
gulphed, as the case may be, and otliers arc re.ading so lianl 
that tliey are invisible. T go to-morrow to breakfast with 
shaky men, and after food 1 am to go and hear the list read 
out, and whether they are through, and bring them w^ord. 
When the honour list comes out the j)oll men act as messengers. 
Bob Campbell comes in occasionally of an evening now, to 
discuss matters and vary sports. During examination I have 
had men at night Avorking with gutta-percha, magnets, etc. 
It is much better than reading novels or talking after 5^ 
hours' hard writing.” 

His father, on hearing the nows, wrote from 
Edinburgh : — 

“ T heartily congratulate you on your place in the list. I 
suppose it is higher than the speculators would have guessed, 
and quite as high as Hopkins reckoned on. I wish you success 
in the Smith’s Prizes ; be sure to WTite me the result. I will 
see !Mrs. Morrieson, and 1 think I will call on Dr. Gloag to 
congratulate him. He has at least three pupils gaining 
honours.” 

His friends in Edinburgh \verc greatly pleased, 


* “Life of J. C. Maxwell," p. 195. 
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*‘I get congratulations on all hands,” his lather writes,* 
‘ including Protbssor Kelland and Sandy Fraser and 
all otlters competent- . . . To-night or on Monday 

1 shall expc<:l U. hear of the Smith’s Prizes.” And 
again, February tith, 1 854 : ^ hjoi go Wc<ldcTbarn 
came into 103 ^ room at 9 a.m. ’ ♦►sterda} morning, 
having seen ihc Saturday received the 

express rain. ... As yon are ecpial to the 
Senior in tiio (diampion ;rial, you ar(i veiy little 
behind him.” 

Or again March otli, 1854:— 

•‘Aunt Jane stirred me up to pit for uiy picUire, as she 
said you wislied for it and were entitled to ask for it ffUit 
Wrangler. 1 have had four sittifigs to Sir John Watson 
(jordon, and it is now far advanced ; I think it is very like. 
It is kitcat size, to be a companion to Joyce’s picture of your 
motlier and self, which Aunt Jane says she is to leave to you. 

And now tlio long j^eaiv- of projiaration were 
nearly^ over. The cunning craftsman was fitted with 
his tools ; he could set to work to unlock the secrets 
of Natni't' ; he was free to cmjdoy his genius and his 
knowledge on those tasks for which he felt most 
tilted. ' 


* “ Life of J. C. Maxwell,” p. 207. 
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CHAPTER III. 

EAHT.Y RESEARCHES. — PROFESSOR AT ARERDEEX. 

From this time on Maxwell’s life becomes a recjord 
of his writings and discoveries. It will, however, 
probably be clearest to separate as far as possible 
biographical details from a detailed account of his 
scientific work, leaving this for consecutive treatment 
in later chapters, and only alluding to it so far as 
may prove necessary to explain references in his 
letters. 

He continued in (Cambridge till the Long Vacation 
of 1854, reading Mill’s “Logic.” “ I am experiencing 
the ofiects of Mill,” he writes, March 25th, 1854, “but 
I take him slowly. I do not think him tJie last of 
his kind. I think more is wanted to bring the con- 
nexion of sensation with science to light, and to show 
what it is not.” He also read Berkeley on “ The 
Theory of Vision” and “greatly admired it.” 

About the same time he devised an ophthalmo- 
scope.* 

“ I have made an instrument for seeing into the eye 
through the pupil. The difficulty is to throw the light in at 
that small hole and look in at the same time ; but that 
difficulty is overcome, and I can see a large part of the back 
of the eye quite distinctly with the image of the candle on it. 
People find no inconvenience in being examined, and I have 
got dogs to sit quite still and keep their eyes steady. Dogs’ 
eyes are very beautiful behind — a copper-coloured ground, with 


♦ “ Life of J. C. Maxwell,” p. 208. 
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glorious bright jutches and net’voiks of bbie, yellow, and 
green, with blood- vo.^sels ^^.reot and small.” 

After the he rutnniod to (Viiubridgr iihI 

the letters reler ( . tlui <?eletir-t>op. Tiies to Miss Cav, 
November 2dth, I? 54, p. 2{).S : — 

“I iiave been ver} busy of lato with various things, and 
am just I oginning to make paj-tu-s for the examination at 
vJlieltenhani, which f have coiijluct about the 11th of 
December. I have also to make papers to polidi off my pups, 
with. T have been spinning coh)iirs a great deal, and have got 
most accurate results, proving that ordinary people’s eyes .trc 
all made alike, though some are better than others, and that 
other people see two cohmrs instead of three ; but all those 
who do so agree amongst themselves. 1 have made a triangle 
of colours by which you may make out everything. 

“ If you can find out any jieople in hldinburgli who do not 
S‘=^e colours ( I know the Dicksons don’t), ])ray drop a Jiint that 
I would like to see them. 1 liave jiut one Ikmv up to a dodge 
by wliich ho distinguishes colours witliout fail. 1 liave also 
constructed a pair of squiutirig spectacles, and am beginning 
operations on a sipiinting man.” 

A paper written for his own use originally some 
time in 1854, but eonununieatod as a parting gift to 
his friend Farrar, who was about to become a master 
at Marlborough, gives us some insight into his view 
of life at the age of twenty-three. 

“ He that would enjoy life and act with freedom must have 
the work of the day continually before his eyes. Not yester- 
day’s work, lest he fall into despair ; nor to-morrow’s, lest lie 
become a visionary— not that which ends with the day, which 
is a worldly work ; nor yet that only which remains to eternity, 
for by it he cannot shape liis actions. 

“Happy is the man who can recogni.se in the work of 
to-day a connected portion of the work of life and an 
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embodiment of the work of Eternity. The foundations of 
his confidence are unchangeable, for he has been made a 
partaker of Infinity. lie strenuously works out his daily 
enterprises because the present is given him for a possession. 

“Thus ought Man to be an impersonation of the divine 
))ro(iess of nature, and to show forth the union of the infinite 
with the finite, not slighting his temporal existence, remem- 
bering that in it only is individual action possible ; nor yet 
shutting out from his view that whi(;h is eternal, knowing that 
Time is a mystery which man cannot endure to contemplate 
until eternal Truth enlighten it.” 

His lather was unwell in the (fiirist-inas vacation 
ot that year, and lie could not return to C.^ainbridg'c at 
the bcjginninj:,^ of the Lent term. “ My steps,” be 
writes* to C. J. Munro from Edinburgh, February IDtli, 
1855, “will be no more by the reedy and crooked 
till Easter term. ... I should like to know how 
many kept bacalaurean weeks go to each of these 
terms, and when they begin and end. Overhaul the 
Calendar, and when found make note of.’’ 

He was back in Cambridge for the May term, 
working at the motion of fluids and at his colour-top. 
A paper on “ Experiments on Colour as Perceived by 
the Eye ” Avas communicated to the Royal Society of 
Edinburgh on March 19th, 1855. The experiments 
were shown to the Cambridge Philosophical Society 
in May following, and the results arc thus described 
in two letters t to his father, Saturday, May 5th, 1855 : 

“ The Royal Society have been very considerate in sending 
me my paper on ‘Colours' just when I wanted it for the 
Philosophical here. I am to let them see the tricks on Monday 


“ Lifo of J. V. Maxwell,” p. 210. 
t “ Life of J. C. Maxwell,” p. 211. 
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evening, and I have been there preparing theii experiments in 
the gaslight. There is to be a meeting in my rooms to-night 
to discuss Adam Smith’s ‘ Theory of Moral Sentiments,’ so I 
must clear up ray litter presently. I am working a’vay at 
electricity again, and ha^re been working ray way into the 
views of heavy (rermaii writers. It takes a long time to 
reduce to order all the notions one gets from these men, but 
1 hope to see my way thr(»ugh the subject and arrive at some- 

tliing intelligible in the way of a theory 

“The colour trick came off on Monday, 7th. 1 had the 
. )»roof> sheets of my papcj*, and was going t j read ; but 1 
changed iiiy mind and talked instead, wliich was more to the 
par))ose. There were sundry men who thought that blue and 
yellow make green, so 1 had to undeceive them. I have got 
Hay’s book of colours out of the ITniv. Library, and am 
working through the specimens, matching them witli the top. 
I have a new trick of stretching the string horizontally above 
the top, so as to touch the upper part of the axis. The motion 
of the axis sets the string a- vibrating in the same time with 
the revolutions of the top, and the colours arc seen in the haze 
produced by the vibration. Thomson has been spinning the 
top, and he finds my diagram of colours agrees with his 
experiments, but he doubts about browns, what is their 
composition. I have got colcothar hrown, and can make white 
with it, and blue and green ; also, by mixing red with a little 
blue and green and a great deal of black, I can match colcothar 
exactly. 

“ I have been perfecting my instrument for looking into 
the eye. Ware has a little beast like old Ask, which sits quite 
steady and seems to like being looked at, and I have got 
several men who have large pupils and do not wish to let me 
look in. I have seen the image of the candle distinctly in all 
the eyes 1 have tried, and the veins of the retina were visible 
in some ; but the dogs’ eyes showed all the ramifications of 
veins, with glorious blue and green network, so that you might 
copy down everything. I have shown lots of men the image 
in my own eye by shutting off the light till the pupil dilated 
and then letting it on. 
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“ I am reading Electricity and working at Fluid Motion, 
and have got out the condition of a fluid being able to flow 
the same way for a length of time and not wriggle about/’ 

The British Association met at (ilaso-ow in Sep- 
teinber, ltSr>5, and Maxwell was present, and showed 
his eolour-top at Professor Ramsay’s house to some ot 
those interested. Letters* to his father about this 
time describe some of the events of the meeting and 
his own plans for the term. 

“We had a paper from Brewster on ‘The theory of three 
colours in the si>ectrum,’ in which he treated Whewell with 
philosophic pity, commending him to the care of Prof. Wart- 
man of Geneva, who Was considered the greatest authority in 
cases of his kind — cases, in fact, of colour-blindness. Whewell 
was in the room, but went out and avoided tlie quarrel ; and 
Stokes made a few remarks, stating the case not only clearly 
but courteously. However, Brewster did not seem to see that 
Stokes admitted liis exi)eriments to be correct, and the iu‘\vs- 
]iapers represented Stokes as calling in (luestiou the accuracy 
of the experiments. 

“ I am getting my electrical mathematics into shape, and I 
see through some parts which were rather hazy before ; but I 
do not find very much time for it at present, because I am 
reading about heat and fluids, so as not to tell lies in my 
lectures. I got a note from the Society of Arts about the 
platometer, awarding thanks and oflering to defray the ex- 
penses to the extent of £10, on the machine being produced iu 
working order. When I have arranged it in my head, I intend 
to write to James Bryson about it. 

“I got a long letter from Thomson about colours and 
electricity. He is beginning to believe in my theory about all 
colours being capable of reference to three standard ones, and 
he is very glad that I should poach on his electrical preserves. 

“ . . . It is difficult to keep up one’s interest in intel- 


* “Life of J. C. Maxwell,” p. 216. 



AND Modern phts^cs. 


43 


lectual matters when friends of the intellectual kind are 
scarce. However, there are plenty friends not intellef Inal 
who serve to bring out the active and practical habits of mind, 
which overly intellectual people \seldom do. Wherefoi ., if 1 
Mil to be up this term, 1 intend to addict myself rather lO the 
working men who are getting up chr^ses than to ]nips., who 
are in the main a vexation. Meanwhile^ there is the examina- 
tion to consider. 

“ V"ou say Hr. Wilson has sent his book. I will write and 
thank him. 1 suppose it is about colour-blindness. I intend 
^to begin Poisson’s papers on electricity and magnetism to- 
morrow. I have got them out of the library. My reading 
hitherto has been of novels— ‘ Shirley ^ and ‘The Newcoines,’ 
and now ‘Westward Ho.’ 

“Macmillan ])ropo.se3 to get up a book of optics with my 
assistance, and I feel inclined for the job. There is great 
bother in making a mathematical book, especially on a subject 
with which you are familiar, for in corr<^cting it you do as you 
would to pu]>s.— look if the principle and result is right, and 
forget to look out for small errors in the course of the work. 
However, 1 expect the work will be salutary, as involving 
hard work, and in the end much abuse from coaches and 
students, and certainly no vain fame, except in Macmillan’s 
puffs. Put, if 1 have rightly conceived tlie plan of an 
educational book oii oi)tics, it will be very different in manner, 
lln)ugh not in matter, from those now used.” 

The examination referred to was that for a 
Fellowship at Trinity, and Maxwell was elected on 
October 10th, 1855. 

He was immediately asked to lecture for the 
College, on hydrostatics and optics, to the upper 
division of the third year, and to set papers for the 
questionists. In consequence, he declined to take 
pupils, in order to have time for reading and doing 
private mathematics, and for seeing the men who 
attended his lectures. 
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In November he writes: “I have been lecturing 
two weeks now, and the class seems improving ; and 
they come and ask (questions, which is a good sign. 
I have been making curves to show the relations of 
])i*essure and volume in gases, and they make the 
subject easier.” 

Still, he found time to attend Professor Willis’s 
lectures on mechanism and to continue his reading. 

I have been reading,” he writes, “ old books on 
optics, and find many things in them far better than' 
what is new. Tlie foreign mathematicians are dis- 
covering for themselves methods Avliic^h were well 
known at ('amljridge in 1720, Init are now forgotten.” 

Tlie “ Poisson ” was read to help him with his 
own views on electricity, which were rapidly maturing, 
and the lirst of that great scries of works which has 
revolutionised the science was published on December 
10th, 1855, when his paper on “Faraday’s Linos of 
Force” was read to the Cambridge Philosophical 
Society. 

The next term found liim back in Cambridge at 
wa)i*k on his lectures, full of plans for a new colour 
top and other matters. Early in February he received 
a letter from Jh*ofessor Forbes, telling him that the 
Professorship of Natural Philosopliy in Marischal 
College, Aberdeen, Avas vacant, and suggesting that 
he should apply. 

He decided to be a candidate if his father 
approved. “ For my own part,” he writes, “ I think 
the sooner I get into regular w^ork the better, and 
that the best way of getting into such Avork is to 
profess one’s readiness by applying for it.” On the 
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20th of February he writes: However wisdom is of 
many kinds, and I d(' not knoAv which dwells ^^ Ith 
wise counsellors most, whether scientific, practical, 
political, or ecclesiastical. I hear there are candhlates 
of all kinds relying on the predominance of one or 
other of those kinds of wisdom in the con:4itution ot 
the Government.” 

The ^econd part of the ])apcr on “ P'aradfiy’s Lines 
of Force ” was road during the i< rni. Writing on the 
Ith of March, ho expresses the hope soon to be able 
to write out fully the pa])cr. “T have done nothing 
in tliat way this term,” lie says, “but am just begin- 
ning to feel the electrical state come on again.” 

His father v/as vv^orking at Edinburgh in support 
of his candidature for Aberdeen, and when, in the 
middle of March, ho returned Nojth, he found every- 
thing weli prepared. The two returned to Glenlair 
together after a few days in Edinburgh, and Maxwell 
w\as preparing to go back to (.Tunbridge, when, on the 
2nd of April, his father died suddenly. 

Writing to Mrs. Blackburn, he says : “ My father 
died suddenly to-day at twelve o’eloek. He had been 
giving directions about the garden, and ho said he 
would sit dowm and rest a little, as usual. After a 
few minutes 1 asked liim to lie down on tlio sofa, and 
ho did not seem inclined to do so ; and then I got 
him some ether, wdiich had helped him before, 
lieforc he could take any he had a slight struggle, 
and all was ovei*. He hardly breathed afterwards.” 

Almost immediately after this, Maxw^ell was 
appointed to Aberdeen. His father's death had 
frustrated some at least of the intentions with which 
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he had applied for the post. He knew the old man 
would be glad to see him the occupant of a Scotch 
chair. He hoped, too, to be able to live with his 
father at Glenlair for one half the year ; but this was 
not to be. No doubt the laboratory and the freedom 
of the post, when compared with the routine work 
of preparing men for the Tripos, had their induce- 
ments ; still, it may bo doubted if the choice was 
a wise one for him. The work of drilling classes, 
composed, for the most part, of raw untrained lads, 
in the elements of physics and mechanics was, as 
Niven says in his preface to the collected works, not 
that for which he was best fitted; while at Cambridge, 
had he stayed, ho must always have had among his 
pupils some of the best mathematicians of the time ; 
and he might have founded some ten or fifteen years 
before ho did that (-arnbridge School of Idiysicists 
which looks back with so much pride to him as their 
master. 

Leave-taking at Trinity was a sad task. He 
writes* thus, June 4th, to Mr. 11. B. Litchfield: — 

“ On Thursday evening I take the North-Western route to 
the North. 1 am busy looking over immense rubbish of 
papers, etc., for some things not to be burnt lie among much 
combrnstible matter, and some is soft and good for packing. 

“ It is not pleasant to go down to live solitary, but it would 
not be pleasant to stay up either, when all one had to do lay 
elsewhere. The transition state from a man into a Don must 
come at last, and it must be imnful, like gradual outrootingof 
nerves. When it is done there is no more pain, but occasional 
reminders from some suckers, tap-roots, or other remnants of 
the old nerves, just to show what was there and what mighlj 
have been.” 


♦ ** Life of J. C. Maxwell,’* p. 256. 
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The summer of 1856 w.vs spent '^t Glcnlalr, 
where various fnends w^re his guests — Lushington, 
MacLennan, the two cousi!\s Cay, and others. He 
continued to work at optics, electricity, and magnet’, in, 
and in October was busy with “ a soleiim address or 
manifesto to the Natural Philosopner:’ jf the North, 
which needed coffee and anchovies aiid a roaring Iiot 
fire and spread :*oat-tails to make it natural. ’ This 
Wci^s his inaugural leciiirc. 

. In November he was at Aberdeen. Ijcttors* to 
Miss Cay, Trojessor CampLell, and C. J. Munro tell 
of the work ot the session. The last is from Glenlair, 
(iated May 20th, 1857, after work was over. 

‘•'The session went off smoothly cnou^di. I had Sun, all 
the beginning of optics, and worked off all the experimental 
part uj) to hVaunliofor’s lines, which were glorious to see with 
a water-prism I have set u}) in the form of a cubical box, five 
inch side. . . . 

“I succeeded very well with heit. The experiments on 
latent heat (mine out very accurate. That was my part, and 
the class could ext)lain and w'ork out the results better than I 
expected. Next year T intend to mix experimental physics with 
Tncch.inics, devoting Tuesday and THURSDAY (what would 
St<»kes say ?) to the science of experimenting accurately. . . , 
Last week 1 brewed chlorophyll (as the chemists word it), 
a green Ikiuor, which turns the invisible light red. . . . 

“ My last grind was the reduction of ecjuations of colour 
wliich I made last year. The result was eminently satis- 
factory.” 

Another letter, t dune 5th, 1857, also to Munro, 
refers to the work of tho University Commission and 
the new statutes. 

Life of J. C. Maxwell,’’ p. 267. 
t “ Life of J, C. Maxwell,” j). 269. 
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“ I have not seen Article 7, but I agree with your dissent 
from it entirely. On the vested interest i)rinciple, I think the 
men who intended to keep their fellowships by celibacy and 
ordination, and got them on that footing, should not be 
allowed to desert the virgin choir or neglect the priestly 
office, but on those principles should be allowed to li^e out 
their days, provided the whole amount of souls cured annually 
does not amount to £20 in the King’s Book. But my doctrine 
is that the various grades of College officers should be set on 
such a basis that, although chance lecturers might be some- 
times chosen from among fresh fellows who are going away 
soon, the reliable assistant tutors, and those that have a plain- 
calling that way, should, after a few years, be elected permanent 
officers of the College, and be tutors and deans in their time, 
and seniors also, with leave to marry, or, rather, never pro- 
hibited or asked any questions on that head, and with leave to 
retire after so many years’ service as seniors. As for the men 
of the world, we should have a limited term of existence, and 
that independent of marriage or ‘ parsonage.’ ” 

It more than twenty years before the scheme 
outlined in the above letter (‘.ame to anything ; but, 
at the time oft Maxwell’s death in 1(S79, another 
Commission was sitting, and the plan suggested by 
Maxwell became the basis of the statutes of nearly 
all the colleges. 

For the winter session of 1857-58 ho was again 
at Aberdeen. 

The Adams Brize had been established in 1848 by 
some members of St. John’s College, and connected 
by them with the name of Adams “in testimony of 
their sense of the honour he had conferred upon his 
College and the University by having been the first 
among the mathematicians of Europe to determine 
from perturbations the unknown place of a disturbing 
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planet exterior to Uranus.*’ Professor Challi;, Dr. 
Parkinson, and Sir William Thomsen, the examinees, 
had selected as the subject for the prize to be awarded 
in 1857 the “Motions of 3atui*n’s For liis 

Maxvrell liitd doci^ied to compete, an<l his letter^ at 
the end of 18 "7 toll of the pro^>T;-vs of the task. 
Thus, writinix*^' to Lewis (’ampbell fnaii Uleiilair oi‘ 
August 28th, lie says - 

“I have beei^ battering awav at S.iturn. returning to thr 
c)^arge every now and then. I have ciTected several breaches 
in the solid ring, and now I am splash into the fluid one, amid 
a clash of symbols truly astoiaiding. When I reappear it will 
i)e in the dusky ring, which is something like the state of the 
air supposing the siege of Sebastopol conducted from a forest 
of guns 100 miles one way, and 30,0(M) miles the other, and the 
shot never to srop, but go spinning away round a circle, radius 
170,000 miles.’’ 

And again t to Miss Cay on the 28th of Noveniler : — 

‘‘ I have been pretty steady at work since I came. The 
class is small and not bright, but I am going to give them 
plenty to do from the first, and 1 find it a good plan. I have 
a largo attendance of iny old pupils, who go on with the higher 
subjects. This is not part of the College course, so they come 
merely from choice, and T have begun with the least amusing 
pait of what 1 intend to give them. Many had been reading 
in summer, for they did very good papers for me on the old 
subjects at the beginning of the month. Most of my spare 
time 1 have been doing Saturn’s rings, which is getting on 
now, but lately I have had a great many long letters to write 
— some to (jrlenlair, some to private friends, and some all about 
science. ... I have had letters from Thomson and Challis 
about Saturn— from Hayward, of Durham U niversity, about 


* “ Life of J. 0. Maxwell,” p. 278. 
t “ Life of J. C. Maxwell,” p. 292. 
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the bras.^ top, of which ho wants one. He says that the earth 
lias been really found to change its axis regularly in the way 
1 supposed. Faraday has also been writing about his own 
subjects. 1 have had also to write Forbes a long report on 
colours ; so that for every note T hive got 1 have had to write 
a couple of sheets in reply, and reporting pi ogrcss takes a deal 
of writing and spelling. 

He devised a model (now at tlic Cavcndisli 
Laboratory) to exhibit the motions of the satellites 
in a disturbed ring, “for the edification of sensible 
image-worshippers.” 

The essay was awarded the prize, and secured for 
its author great credit among scientific men. 

In another letter, written during the same session, 
ho says : “ 1 find my principal work here is teaching 
my men to avoid vague expressions, as ' a certain 
force,' meaning uncertain ; m<iy instead of ; 

v^ill he instead of is*; proportional instead of equal.’' 

The death, during the autumn, of his College 
friend Pomeroy, from fever in India, was a great blow 
to him ; his letters at the time show the depth of his 
feelings and his beliefs. 

The question of the fusion of the two Colleges at 
Aberdeen, King’s College and the Marischal College, 
was coming to the fore. “ Know all men,” he says, 
in a letter to Profe.ssor Campbell, “ that I am a 
Fusionist.” 

In February, 1858, he was still engaged on Saturn’s 
rings, while hard at work during the same time with 
his classes. He had established a voluntary class for 
his students of the previous year, and was reading 
with them Newton’s “ Lunar Theory and Astronomy.” 
This was followed by “Electricity and Magnetism,” 
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Fiinulays book beingf die baeldun; ' of evrrydiin:;*, “ 

himself is ^ho micicnr. i'f everydiinjj^ ekH l ‘ie 
siiiPe 1880." 

In Februarv, 1858,110 aimotimiod his engagei^ ent 
t.u Katherine jUui-y l/owar, the danghtia of tiio 
rrincipal of JIa’iscli.il CV^ilegc. 

“Dear Aunt” (ho siys,* Fdanary D'di, K^‘>8), “this comco 
to tell you that 1 aui c^oiiio to have a wife. . . « 

'‘J>on‘t be afraid; she is not math'^anatical, but there are 
other things besides that, aud she certainly won'i. stop matho 
matics. The only one that ear speak as an eye-witness is 
Johnnie, and he only saw her when wc wc^c both trying to act 
the indifferent. We have been ti 7 ing it since, but it would 
not do, and it was not good for either.” 

Tho werhrmg took ])lacc cady In Juno. Professor 
t.Winpboll lias preserved .some of tho letters written 
by Alaxw'ell to Miss llcwar, and those contain “tho 
recxird of feelings Avhich in tlio years that followed 
■wore transfused in atition and embodied in a married 
life which can oiily^ bo spoken of as one of imexamplod 
devotion." 

Tlic jirojoet foi* the fusion of the two Colleges, 
to which reference has been made, went on, and tlio 
scheme wais completed in 1800. 

The two Colleges were united to form the Tni- 
versity of Aberdeen, and the new chair of Natural 
IMiilosophy thus created Avas filled by the appointment 
of Davivl Thomson, Professor of Natural Philosophy 
in King s College, and MaxAV'clfs senior. Mr. W. l3. 
Niven, in his preface to Maxwell’s Avorks, Avhen 
dealing Avith this appointment, Avrites: — 


“ Life of J. a. Maxwell,” p. 303, 
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“ Professor Thomson, though not comparable to Maxwell 
as a physicist, was nevertheless a remarkable man. He was 
distinguished by singular force of character and great ad- 
ministrative faculty, and he had been prominent in bringing 
about the fusion of the Colleges. He was also an admirable 
lecturer and teacher, and had done much to raise the standard 
of scientific education in the north of Scotland. Thus the 
choice made by the Commissioners, though almost inevitable, 
had the effect of making it appear that Maxwell failed as a 
teacher. There seems, however, to be no evidence to support 
such an inference. On the contrary, if we may judge from the 
number of voluntary students attending his classes in his last 
C’ollege session, he would seem to have been as popular as a 
1 professor as he was personally estimable.” 

Thu qiu^st ion whether Maxwell was a threat teacher 
has souietiuies been (lisciissed. I trust that the 
following pages will give an answer to it. He was 
not a prominent lecturer. As Professor Campbell 
says,* “ Between his students’ ignorance and his vast 
knowledge it was difficult to find a common measure. 
The advice which he once gave to a friend whose 
duty it was to preach to a country congregation, 
‘ Why don’t you give it them thinner ? ’ must often 
have been applicable to himself. . . . Illustra- 

tions of vjnotnm 'pev ignotiiis, or of the abstruse 
by some unobserved property of the familiar, 
were multiplied with dazzling rapidity. Then the 
spirit of indirectness and paradox, though he was 
aware of its dangers, would often take possession of 
him against his will, and, either from shyness or 
momentary excitement, or the despair of making 
himself understood, would land him in ' chaotic 


* “ Life of J. C. Maxwell,” p. 259, 
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statements/ breaking of* with some quirk of ironioal 
humour/' 

But teaehing is not all done i>y loetiiring. Tlis 
^'ooks and pa,|>e’r arc vast sti>reliouscs of sngges"iv)ns 
and ideas ^vhich a(>iest ?uixids of tlm pasr- t\vei»ty 
jxars liave been since developing. To talk Avitli him 
feu’ an hour to gain in«i!>iration [or a year’s work ; 
to see his entbiisiasm and te* win his praise or 
commendation were enougn to (ompensate for many 
w’ejiry struggles over some stubborn piece of apparatus 
Avhich wamld not go right, or some small source of 
error which threatened to pro^o intractable and 
declined to submit itself to calcul‘itiou. The sure 
judgment of posterity will contirm the verdict that 
f/lerk Max^vell was a groat teacher, though lecturing 
to a crowd of untrained imdergradiiates wfis a task 
for which others were better fitted than ha 
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CHAPTER IV. 

rJtOKESSOR AT K1NG\S COLLEGE, LONDON.— LIFE 
AT GLENLAIK. 

In 1800 Forbes resigned the chair of Natural 
Philosophy at Edinburgh. Maxwell and Tait were 
candidates, and Tait was appointed. In the suiiiincr 
of the same year Maxwell obtained the vacant 
Professorship of Natural Philosophy at King’s College, 
London. This ho held to 18G5, and tliis period of 
his life is distinguished by the appearance of some of 
his most important papers. The work was arduous ; 
tlic College course extended over nine months of the 
year; there were as well evening lectures to artisans 
as ]\art of his regular duties. His life in London was 
useful to him in the opportunities it gave him for 
becoming personally acquainted with Faraday and 
others. He also renewed his intimacy with various 
Cambridge friends. 

He was at the celebrated Oxford meeting of the 
British Association in 1800, where he exhibited his 
colour-box for mixing the colours of the spectrum. 
In 1851), at the meeting at Aberdeen, he ha(l read to 
Section A his first pajjer on the “ Dynamical Theory 
of CJases,” published in tlic Pltiloso'phival Magazine 
for January, I8G0. The second part of the paper, 
dealing with the conduction of heat and other 
phenomena in a gas, was published in July, 1800, 
after the Oxford meeting. 

A paper on the Theory of Compound Colours ” 
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was conimiiniV-atod to tho Jloyal Society by Prc'^bssor 
Stokes in January, 1860. It contains the account of 
his colonr-box in tho form tinoJly adopted ( lost of 
the imj^orian:: parts of die apparati,^' aro stilJ at the 
(Aavendish Laboiatory), and a number of oI>servations 
l)y Mrs. Maxwell and iiimsclf, Avbioh "will be more 
fully dosbriberi later. 

Jn Nov:'einber, 1860, he received for this work the 
Riiniford medal of the Royal Society. 

The next year, 1861, Is of jrreat importance in the 
history of electrical science. The British Association 
met at Manchester, and a Committee was appointed 
on Standards of Electrical Resistance. Maxwell was 
not a number. Tho comijiittoe reported at the 
Cambridge mooting in 1862, a .d were reappointed 
with extended duties. Maxwell’s name, among 
others, was added, and he took a prominent part in 
tho delilieratioiis of the committee, which, as their 
Report* presented in 1868 states, came to the 
o[)inion, “ after mature consideration, that the sys- 
l(;m of so-called absolute electrical units, based on 
purely mechan^’cal measurements, is not only the best 
system yet proposed, but is the only one consistent 
with our present knowledge both of the relations 
existing between the various electrical phenomena and 
of the connection between these and the fundamental 
measurements of time, space, and mass.” 

Appendix 0 of this Report, “ On the Elementary 
Relations between Electrical Measurements,” bears the 
names of Clerk l\Iaxwell and Fleeming Jenkin, and is 
the foundation of everything that has been done in 
* 13. A. Report, Newcastle, 18G3, 
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the way of absolute electrical measureincnt since that 
date; while Appendix D gives an account by the 
same two workers of the experiments on the absolute 
unit of electrical resistance made in the laboratory of 
King’s College by Maxwell, Fleeming Jenkin, and 
Balfour Stewart. Further experiments are described 
in the report for 1864 The work thus begun was 
consummated during the year 1894 by the legalisation 
throughout the civilised world of a system of electrical 
units based on those described in these reports. 

Meanwhile, Maxwell’s views on electro-magnetic 
theory were quietly developing. Papers on “ Physical 
Lines of Force,” which appeared in the Philosophical 
Magazine during 1861 and 1862, contain the germs 
of his theory — expressed at that time, it is true, in a 
somewhat material form. In the paper published 
January, 1862, the now well-known relation between 
the ratio of the electric units and the velocity of light 
was established, and his correspondence with Fleeming 
Jenkin and C. J. Munro about this time relates in 
part to the experimental verification of this relation, 
llis experiments on this matter were published in the 
“ Philosophical Transactions ” for 1868. 

This electrical theory occupied his mind mainly 
during 186*1 and 18()4 In September of the latter 
year ho writes* from Glenlair to C. Hockin, Avho had 
taken Balfour Stewart’s place during the second series 
of exj)criments on the measurement of resistance. 

I have been doing several electrical problems. I have got 
a theory of ‘ electric absorption,’ i.e.^ residual charge, etc., and 
I very much want determinations of the specific induction, 

* “ Life of J. C, Maxwell,” p. 340. 
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electric resistance, and absorption of good dielectrics, such as 
glass, shell-lac, gutta-percha, ebonite, sulphur, etc. 

“I have also cleared the electromagnetic theory of light 
from all unwarrantable assumption, so that we may imfely 
determine the velocity of light by measuring the attraction 
between bodies kept at a given difference of potential, the 
value of which is known in electromagnetic measure. 

“ I hope there will be resistance coils at the British Associa- 
tion.” 

This work resulted in his greatest eloi.trical paper, 
‘'A Dynamical Theory of the Electromagnetic Field,'* 
read to the Royal Society December Sth, 1864. 

But the molecular theory of gases was still 
prominently before his mind. 

In 18G2, writing* to H. R. Droop, ho says 

“Some time ago, when investigating Bernoulli's theory 
of gases, I was surprised to find that the internal friction of 
a gas (if it depends on the collision of particles) should be 
independent of the density. 

“Stokes has been examining Graham's exiieriments on the 
rate of flow of gases through fine tubes, and he finds that the 
friction, if independent of density, accounts for Graham’s 
results ; but, if taken proportional to density, differs from 
those results very much. This seems rather a curious result, 
and an additional phenomenon, explained by the ‘ collision of 
particles ’ theory of gases. Still one phenomenon goes against 
that theory - the relation between specific heat at constant 
pressure and at constant volume, which is in air = 1*408, 
while it ought to be r:m.” 

And again t in the same year, 21st April, 1862, to 
JjGwis Campbell : — 

“ Herr Clausius of Ziirich, one of the heat philosophers, has 
been working at the theory of gases being little bodies flying 
* “ Life of J. C. Maxwell,” p. 332. 
t “ Life of J. C. Maxwell,” p. 336. 
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about, and has found some cases in which he and I don’t tally. 
So I am working it out again. Several experimental results 
have turned up lately rather confirmatory than otherwise of 
that tlieory. 

“ I hope you enjoy the absence of pupils. I find the division 
of them into smaller classes is a great help to me and to them ; 
but the total oblivion of them for definite intervals is a 
necessary condition for doing them justice at the proper time.” 

' The experiments on the viscosity of gases, which 
formed the Ihikerian Lecture to the Royal Society 
read on February 8th, 1866, were the outcome of this 
work. His house in 8, Palace Gardens, Kensington, 
contained a large garret running the complete length. 

To maintain the proper temperature a large fire 
was for some days kept up in the room in the midst 
of very hot Avoather. Kettles were kept on the fire and 
largo quantities of steam allowed to flow into the 
room. Mrs. Maxwell acted as stoker, which was very 
exhausting work when maintained for several consecu- 
tive hours. After this the room Avas kept cool for 
subsequent experiments by the employment of a 
considerable amount of ice.” 

Next year, May, 1866, was read his paper on the 
“ Dynamical Theory of Gases,” in Avhich errors in his 
former papers, Avhich had been pointed out by 
(dausius, AA^ere corrected. 

MeaiiAvhile he had resigned his London Professor- 
ship at the end of the Session of 1865, and had been 
succeeded by Professor W. G. Adams. 

For the next four years he liA^ed chiefly at Glenlair, 
Avorking at his theory of electricity, occasionally, as 
Ave shall see, visiting London and Cambridge, and 
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taking an active interest in the affairs of his own 
nekfhbourhood. In 1865 he had a serious illness, 
through which he was nursed with great care bj Mrs. 
Maxwell. His correspondence was considerable, and 
absorbed much of his time. Much also was given to 
the study of English literature; he was fond of 
reading Chaucer, Milton, or Shakespeare aloud to 
Mrs. Maxwell 

He also read much theological and philosophical 
literature, and all he read helped only to strengthen 
that linn faith in the fundamentals of Christianity in 
which he lived and died. 

In .1 807 he and Mrs. Maxwell paid a visit to Italy, 
which was a oource of great pleasure to both. 

His chief scientific work was the preparation of 
his Electricity and Magnetism,’' which did not 
appear till 1873; the time vms in the main one of 
quiet thought and preparation for his next great task, 
the foundation of the School of Physics in Cambridge, 
In 1808 the principalship of the United College 
in the University of St. Andrews was vacant by the 
resignation of Forbes, and Maxwell was invited by 
several of the professors to stand. He, however, 
declined to submit his name to the Crown. 
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CHAPTER V. 

CAMBRIDGE. — rilOFESSOIl OF THYSICS. 

During his retirement at Glenlair from 1(S65 to 1870 
Maxwell was frequently at Cambridge. He examined 
in the Mathematical Tripos in 1866 and 1867, and 
again in 1869 and 1870. 

The regulations for the Tripos had been in force 
practically unchanged since 1848, and it was felt by 
many that the range of subjects included was not 
sufficiently extensive, and that changes were urgently 
needed if Cambridge were to retain its position as the 
centre of mathematical teaching. Natural Philosophy 
was mentioned in the Schedule, but Natural Philosophy 
included only Dynamics and Astronomy, Hydrostatics 
and Physical Optics, with some simple Hydrodynamics 
and Sound. 

The subjects of Heat, Electricity and Magnetism, 
the Theory of Elastic Solids and Vibrations, Vortex- 
Motion in Hydrodynamics, and much else, were 
practically new since 1848. Stokes, Thomson, and 
Maxwell in England, and IJeliidioltz in (Tcrmany, had 
created them. 

Accordingly in June, 1868, a new plan of examina- 
tions was sanctioned by the Senate to come into 
force in January, 1873, and these various subjects 
were explicitly included. 

Mr. Niven, who was one of those examined by 
Maxwell in 1866, writes in the preface to the collected 
works : — 
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‘‘ For some years previous to ISufJ, when Maxwell returned 
to Cambridge as M^^dorato^* in the Matliematical Tripos, the 
studies in the University had lost touch wdth the great 
scientific movements going on outside her walls. It wa said 
that some of the subjects most in vogue had but little interest 
fur the pres<»nt generation, and loud complaints began to be 
heard that while such branches of knowh-dgi' nsflen^t, Electri- 
city, and Magnetism were left out of the Tripos examinati(m 5 
the camlidates wore wasting their time and energy upon 
mathematical tritles barren of scientific interest and of 
practical result;?. Into the movement for reform Maxwell 
entered warmly. By his questions in IHOG, and subsequent 
years, he infused new life into the examination ; he took an 
active j>art in drafting the new scheme introduced in 1873 ; 
but most of all by his wi itings he exerted a powerful influence 
on the younger members of the University, and was largely 
instrumental in bringing about the change which has been 
now efiected.” 

But tho University possessed no means of teaehing 
these subjects, and a Syndicate or Committee was 
appointed, NoA^ernber 25th, 18G8, ‘‘ to consider tho 
best means of giving instruction to students in 
Physics, especially in Heat, Electricity and Mag- 
netism, and the methods of providing apparatus for 
this purpose.’' 

J ir. Cookson, Master of St. Peter’s College, took an 
active part in the work of the Syndicate. Professor 
Stokes, Professor Liveing, Professor Humphry, Dr. 
Phear, and Dr. Kouth were among tho members. 
Maxwell himself was in Cambridge that winter, as 
Examiner for the Tripos, and his work as Moderator 
and Examiner in the two previous years had done 
much to show the necessity of alterations and to 
indicate the direction which changes should take. 
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The Syndicate reported February 27t1i, 1869. They 
called attention to the Report of the Royal Commis- 
sion of 1850. The Commissioners had ‘ prominently 
urged the importance of cultivating a knowledge of 
the great branches of Experimental Pliysics in the 
University”; and in page 118 of their Report, after 
commending the manner in which the subject of 
Physical Optics is studied in the University, and 
pointing out that “ there is, perhaps, no public institu- 
tion where it is better represented or prosecuted with 
more zeal and success in the way of original research,” 
they had stated that '' no reason can be assigned why 
other great branches of Natural Science should not 
become ecjually objects ofattention, or wliy Cambridge 
should not become a great school of physical and 
experimental, as it is already of mathematical and 
classical, instruction.” 

And again the Commissioners remark: ‘Cin a 
University so thoroughly imbued with the inatbe- 
matical spirit, physical study might be expected to 
assume within its precincts its highest and severest 
tone, be studied under more abstract forms, with 
more continual reference to mathematical laws, and 
therefore with better hope of bringing them one by 
one under the domain of mathematical investigation 
than elsewhere.” 

After calling attention to these statements the 
Report of the Syndicate then continues : — 

In the scheme of Examination for Honours in 
the Mathematical Tripos approved by Grace of the 
Senate on the 2nd of June, 1868, Heat, Electricity and 
Magnetism, if not introduced for the first time, had a 
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much groi*ler degree .>f importaA?ce assigned to thori 
than at any previf^us pori(».l, rani those subjects will 
henceforth demand a correspcaidiiig aTnount of atien- 
tioD from the candidates for ^dachematical Honour^. 
The Syudicaio nave llonu‘»l their attention ibnost 
entirely to the questioii of providing public instriietiori 
in Heat, Klcctricity and Alagnetisni. Thf^y recognise 
the importance auil advantage of tutorial instruction 
in these subjects in ihc several cob egos, but they arc 
also alive to the groat impulse given to studies of this 
kind and co the large amount (;f additional training 
which students may receive througli the instruction 
of a public IVofcssor, and by knowledge gained in a 
wolbappoiuted laboratory.” 

‘ In accordance ivitb these vie\*3, and at an early 
period in their deliberations, they requested the Pro- 
fessors* of the University, who arc engaged in teaching 
Mathematical and I’hysical Science, to confer together 
upon the present means of teaching Experimeilal 
J’hysics, especially Heat, Electricity and Magnetism, 
and to inform them how the increased requirements 
of tlio University in this respect could be met by 
them.” 

“The Professors, so consulted, favoured the Syndi- 
cate with a report on the suhje(jt, which the Syndicate 
now beg leave to lay before the Senate. It points out 
how the recpiircments of the University might bo 
“partially met,” but the Professors state distinctly 
that they “ do not think that they are able to meet 
the want of an extensive course of lectures on Physics 

• * Tho Professors who were consulted were Challis, Willis, Stokes, 
Cayley, Adams, and Liveing^. 
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treated as such, and in great measure experimentally. 
As Experimental Physics may fairly be considered to 
come within the province of one or more of the above- 
mentioned Professors, the Syndicate have considered 
whether now or at some future time some arrange- 
ment might not be made to secure the effective 
t-eaching of this branch of science, without having 
resort to the services of an additional Professor. They 
are, however, of opinion that such an arrangement 
cannot be made at the present time, and that the 
exigencies of the case may be best met by founding a 
new professorship which shall terminate with the 
tenure of office of the Professor first elected. The 
services of a man of the highest attainments in 
science, devoting his life to public teaching as such 
Professor, and engaged in original research, would bo 
of incalculable benefit to the University.” 

The Report goes on to point out that a laboratory 
would be necessary, and also apparatus. It is 
estimated that £5,000 would cover the cost of the 
laboratory, and £1,300 the necessary apparatus, l^ro- 
vision is also made for a demonstrator and a laboratory 
assistant, and the Report closes with a recommenda- 
tion that a special Syndicate of Finance should be 
appointed to consider the means of raising the funds. 

The Professors in their Report to the Syndicate 
point out that teaching in Experimental Physics is 
needed for the Mathematical Tripos, the Natural 
Sciences Tripos, certain Special examinations, and the 
first examination for the degree of M.B. It appeared 
to them clear that there was work for a new Professor. 

In May, 1869, the Financial Syndicate recom- 
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mended by the above Report was appointed •'* to 
consider the means of raising the necessary funds for 
establishing a professor and demonstrator of Experi- 
mental Physics, and for providing buildings rnd 
apparatus required for that dcpa’^tment of scienc^e, 
and further to consider othe^ wants of the University, 
and the sources from which those wants may be 
supplied/’ 

The Syndicate endeavoined to meet the expendi- 
ture by inquiry from the several C^oileges whether 
they would l)c willing to make contributions from 
their corporate funds, but without success. 

** Tho answers of the Colloges indicated such a 
wont of concurrence in any proposal to raise contri- 
butions from the corporate funds of Colleges by any 
kind of direct taxation that the Syndicate felt obliged 
to abandon the notion of obtaining thenecossary funds 
from this source, and accordingly to limit the number 
of objects which they should recommend the Senate 
to accomplish.” 

External authority was necessary before the 
colleges would submit to taxation for University 
purposes, and it was left to the Royal Commission of 
1877 to carry into effect many of the suggestions made 
by the Syndicate. Meanwhile they contented them- 
selves with recommending means for raising an annual 
stipend of £660 for the professor, demonstrator, and 
assistant, and a capital sum of £5,000, or thereabouts, 
for the expenses of a building. 

The Syndicate’s Report was issued in an amended 
form in the May term of 1870, and before any decision 
was taken on it the Vice-Chancellor, Dr. Atkinson, on 
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October 1870, published 'Uhe following munifi- 
cent offer of his grace the Duke of Devonshire, the 
Chancellor of the University,” who had been chairman 
of the Commission on Scientific Education. 

“Holker Hall, 

Grange, Lancashire. 

“My dear Mr. Vice-Chancellor,—! have the honour to 
address you for the purpose of making an offer to the University, 
which, if you see no objection, I shall be much obliged to you 
to submit in such manner as you may think fit for the con- 
fiideration of the Council and the University. 

“I find in the report dated February 29th, 18G9, of the 
Physical Science Syndicate, recommending the establishment 
of a Professor and Demonstrator of Experimental Physics, that 
the buildings and apparatus required for this department of 
science are estimated to cost £0,300. 

“I am desirous to assist the ITniversity in carrying this 
recommendation into effect, and shall accordingly be prepared 
to provide the funds required for the building and apparatus 
as soon as the University shall have in other res})ect8 completed 
its arrangements for teaching Experimental Physics, and shall 
have approved the plan of the building. 

“ I remain, my dear Mr. Vice-Chancellor, 

“ Yours very faithfully, 

“ Devonshire.” 

By bis generous action the University 'was relieved 
from all expense connected with the building. A 
Grace establishing a Professorship of Experimental 
Physics was confirmed by the Senate February 9th, 
1871, and March 8th was fixed for the election. 

Meanwhile who was to be Professor ? Sir W. 
Thomson’s name had been mentioned, but he, it was 
known, would not accept the post. Maxwell was then 
applied to, and at first he was unwilling to leave 
Glenlair. Professor Stokes, the Hon. J. W. Strutt 
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(Lord Rayleigh), Mr. Blore of Trinity, and otliors 
wrote to him. Lord llayieigh s hater * is as folluws ; 

“Cambridge, 14tU February, 1 VL 
“When I came here last Friday 1 found one talking 
about the now prof es, worship, and hoping that you would come. 
Thomson, it secuis, has detinireij^ declined. . There is 

no one here in the least fit for the por-t. What is wanted by 
most who kiiOw anything about it is not so much a lecturer as 
mathematician wlio })as actual experience in experimenting, 
and who migliL direct tlic energic.s of the younger Fellows and 
bachelors into a proper channel. There must bo many who 
would be willing to Avork under a competent man, and who, 
while learning themselves, would materially assist him. . . . 
I hope you may bo induced to tome ; if not, I don’t know 
who it is to be. Do not trouble to answer me about this, as I 
believe others have written to you about it.” 

On tlio 15tli of February, ]\Ia..\ve]l wrote to Mr. 
Wore : — 

“ I had no intention of applying for the post when I got 
your letter, and I Lave none now, unless I come to see that 1 
can do some good by it.” The letter continues ; — 

The class of Thy si cal Investigations, which might be under- 
taken with the help of men of Cambridge education, and which 
would be creditable to the University, demand in general a 
considerable amounc of dull labour, which may or may not be 
attractive to the impils.” 

However, on the 24(.li of February, Mr. Bloro wrote 
to tlic Electoral Roll : — 

“ 1 am authorised to give notice that Mr. John (sic) 
Clerk Maxwell, F.R.S., formerly Professor of Natural 
Philosophy at Aherdc^cn, and at King’s College, 
London, is a candidate for the professorship of 
Experimental Physics.” 

* “ Life of J. C, jUaxwell,” p. 349, 
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Maxwell was elected without opposition. Writing* 
to his wife from Cambridge, 20th March, 1871, he 
says : — 

“ There are two parties about the professorship. One wants 
popular lectures, and the other cares more for experimental 
work. I think there should be a gradation— popular lectures 
and rough experiments for the masses ; real experiments for 
real students; and laborious experiments for lirst-rate men 
like Trotter and Stuart and Strutt.” 

While in a letter f from Glenlair to C. J. Munro, dated 
March 15th, 1871, he writes: — “The Experimental 
Physics at Cambridge is not built yet, but we are 
going to try. The desideratum is to set a Don and a 
Freshman to observe and register (say) the vibrations 
of a magnet together, or the Don to turn a watch and 
the Freshman to observe and govern him.” 

In October he delivered his Introductory Lecture. 
A few cpiotations will show the spirit in which he 
approached his task. 

“In a course of Experimental Physics we may consider 
either the l'hy.sics or the Experiments us the leading feature. 
We may either employ the experiments to illustrate the 
phenomena of a particular branch of Physics, or we may 
make some physical research in order to exemplify a j)articular 
experimental method. In the order of time, we should begin, 
in the Lecture Room, with a course of lectures on some branch 
of Physics aided by experiments of illustration, and conclude, 
in the Laboratory, with a course of experiments of research. 

“ Let me say a few words on these two classes of experi- 
ments — Experiments of Illustration and Experiments of 
Research. The aim of an experiment of illustration is to 


♦ « Life of J. C. Maxwell,” p. 381. 
t “ Life of J. C. Maxwell,” p. 379. 
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throw light upon some sc'^^ntific idea so that the student may 
be enabled to grasp it. The circumstances of the experiment 
are so arranged that the phenomenon which we wish to observe 
or to exhibit is brought into prominence, instead of being 
obscured and entangled among other phenor.ena, as it is when 
it occurs in the ordinary course of nature. To exhibit illustra- 
tive experiments, to encourage others to make them, and to 
cultivate in every way the ideas on ^vbich they throw light, 
forms an important part of our duty. The simpler the 
materials of an illustrative experiment, and the more familiar 
they are to the student, the more thoroughly is he likely to 
acquire the idea which it is meant to illustrate. The educa- 
tional value of such experiments is often inversely proportional 
to the complexity of the apparatus. The student who uses 
home-made apparatus, which is always going wrong, oftv..ii 
learns more than one who has the use of carefully adjusted 
instruments, to which he is apt to trust, and which he dares 
not take to pieces. 

“ It is very necessary that those who are trying to learn from 
books the facts of physical science should bo enabled by the 
help of a few illustrative experiments to recognise these facts 
when they meet with them out of doors. Science appears to 
113 with a very different aspect after we have found out that it 
Is not in lecture-rooms only, and by means of the electric light 
projected on a screen, that we may witness j)hysicali)henomena, 
but that we may find illustrations of the highest doctrines of 
science in games and gymnastics, in travelling by land and by 
water, in storms of the air and of the sea, and wherever there 
is matter in motion. 

“ If, therefore, vie desire, for our own advantage and for the 
honour of our University, that the Devonshire Laboratory 
should be successful, we must endeavour to maintain it in 
living union with the other organs and faculties of our learned 
body. We shall therefore first consider the relation in which 
we stand to those mathematical studies which have so long 
fluurished among us, which deal with our own subjects, and 
which differ from our experimental studies only in the mode in 
which they are presented to the mind. 
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There is no more powerful method for introducing know- 
ledge into the mind than that of presenting it in as many 
different ways as we can. When the ideas, after entering 
through different gateways, effect a junction in the citadel of 
the mind, the position they occupy becomes impregnable. 
Opticians tell us that the mental combination of the views of 
an object which we obtain from stations no further ai)art than 
our two eyes is sufficient to produce in our minds an impression 
of the solidity of the object seen ; and we find that this im- 
pression is produced even when we are aware that we are 
really looking at two flat pictures placed in a stereoscope. It 
is therefore natural to expect that the knowledge of physical 
science obtained by the combined use of mathematical analysis 
and experimental research will be of a more solid, available, 
and enduring kind than that i)Osse3scd by the mere mathe- 
matician or the mere experimenter. 

“Rut what will be the effect on the University if men 
pursuing that course of reading which has produced so many 
distinguished Wranglers turn aside to work experiments? 
Will not their attendance at the Laboratory count not merely 
as time withdrawn from their more legitimate studies, but as 
the introduction of a disturbing element, tainting their mathe- 
matical conceptions with material imagery, and sapping their 
faith in the formuhn of the text-books? Besides this, we have 
already heard complaints of the undue extension of our studies, 
and of the strain put upon our questionists by the weight of 
learning which they try to carry with them into the Senate- 
House. If we now ask them to get up their subjects not only 
by books and writing, but at the same time by observation and 
manipulation, will they not break down altogether? The 
Physical Laboratory, we are told, may perhaps be useful to 
those who arc going out in Natural >SciencG, and who do not 
take in Mathematics, but to attenijit to combine botli kinds of 
study during the time of residence at the L^niversity is more 
than one mind can bear. 

“No doubt there is some reason for this feeling. Many of 
us have already overcome the initial difficulties of mathe- 
matical training. When we now go on with our study, we feel 
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that it requires exertion and involves fatigue, but we are con- 
fident that if we only work hard our progress will bo certain, 

‘SSome of us, on the other hand, may have had some 
experience of the routine pf experimental work. As soon as 
we can read scales, observe times, focus telescopes, and so on, 
this kind of work ceases to require any great mental effort. 
We may, perhaps, tire our eyes aud weary our backs, but we 
do not greatly fatigue our minds. 

“ It is not till we attempt to bring the theoretical part of 
our training into contact with the practical that we begin to 
experience the full effect of what Faraday has called ‘ mental 
inertia* — not only the difficulty of recognising, among the 
concrete objects before us, the abstract relation which we have 
learned from books, but the distracting pain of wrenching the 
mind away from the symbols to the objects, and from the 
objects back to the symbols. This, however, is the price we 
have to pay for new ideas. 

“But when we have overcome these difficulties, and 
successfully bridged over the gulph between the abstract and 
the concrete, it is not a mere piece of knowledge that we have 
obtained ; we have acquired the rudiment of a permanent 
mental endowment. When, by a repetition of efforts of this 
kind, we have more fully developed the scientific faculty, the 
exercise of this faculty in detecting scientific principles in 
nature, and in directjug practice by theory, is no longer irk- 
some, but becomes an unfailing source of enjoyment, to which 
we return so often that at last even our careless thoughts 
begin to run in a vscientific channel. 

“ Our principal work, however, in the Laboratory must be 
to acquaint ourst lves with all kinds of scientific methods, to 
compare them and to estimate their value. It will, I think, 
be a result worthy of our I'niversity, and more likely to be 
accomplished here than in any private laboratory, if, by the 
free and full discussion of the relative value of different 
scientific i)rocedures, we succeed in forming a school of 
scientific criticism and in assisting the development of the 
doctrine of method. 

“ But admitting that a practical acquaintance with the 
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methods of Physical Science is an essential part of a mathe- 
matical and scientific education, we may be asked whether we 
are not attributing too much importance to science altogether 
as part of a liberal education. 

“Fortunately, there is no question hero whether the 
University should continue to be a place of liberal education, 
or should devote itself to preparing young men for particular 
professions. Hence, though some of us may, I hope, see reason 
to make the pursuit of science the main business of our lives, 
it must be one of our most constant aims to maintain a living 
connexion between our work and the other liberal studies of 
Cambridge, whether literary, philological, historical, or 
philosophical. 

“ There is a narrow professional spirit which may grow up 
among men of science just as it does among men who practise 
any other special business. But surely a University is the 
very place where we should be able to overcome this tendency 
of men to become, as it were, granulated into small worlds, 
which are all the more worldly for their very smallness 1 We 
lose the advantage of having men of varied pursuits collected 
into one body if we do not endeavour to imbibe some of the 
spirit even of those whose special branch of learning is different 
from our own.’’ 

Another expression of his views on the position of 
Physics at the time will be found in his address to 
Section A of the British Association, when President 
at the Liverpool meeting of 1870, 
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CHAPTER VI. 

CAMBRIDGE— THE CAVENDISH LAB<'>RATORr. 

But the laboratory was not yet built. A Syndicate, 
of which Maxwell was a member, was appointed to 
consider the question of a site, to take professional 
advice, and to obtain plans and estimates. Professor 
Maxwell and Mr. Trotter visited various laboratories 
at home and abroad for the purpose of ascertaining 
the best arrangements. Mr. W. M. Fawcett was 
appointed architect ; the tender of Mr. John Loveday, 
of Keb worth, for the building at a cost of £8,450, 
exclusive of gas, water, and heating, was accepted in 
March, 1872, and the building* was begun during the 
summer. 

In the meantime Maxwell began to lecture, finding 
a home where he could. 

‘‘ Lectures begin 24th,” he writes from Glenlair, October 
19tb, 1872. “Laboratory rising, I hear, but I have no place 
to erect my chair, but move about like the cuckoo, depositing 
my notions in the Chemical Lecture-room 1st term ; in the 
Botanical in Lent, and in Comparative Anatomy in Easter.” 

It was not till June, 1874, that the building was 
complete, and on the 16th the Chancellor formally 
presented his gift of the Cavendish Laboratory to the 
University. In the correspondence previous to this 
time it was spoken of as the Devonshire Laboratory. 
The name Cavendish commemorated the work of the 
great physicist of a century earlier, whose writings 

An account of the laboratory is given in Nature^ vol, x., p. 139. 
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Maxwell was shortly to edit, as well as the generosity 
of the Chancellor. 

In their letter of thanks to the Duke of Devonshire 
the University write : — . .... 

Unde vero conventius poterat illis artibiis 
succurri quam e tua dome qua3 in ipsis jam pridem 
inclaruerat. Notum est Henricum Cavendish quern 
secutus est Coulombius primiim ita docuissc, qure sit 
VIS electrica lit earn nuinerorum modulis illustraret ; 
adhibitis rationibus qnas hodie veras esse constat/' 
And they suggest the name as suitable for the 
building. To this the Chancellor replied, after re- 
ferring to the work of Henry Cavendish : Quod 
pono in officina ipsa nuncupanda nomen ejus com- 
memorarc dignati sitis, id grato animo accepi/' 

The building had cost far more than the original 
estimate, but the Chancellor's generosity was not 
limited, and on July 21st, 1874, he wrote to the Vice- 
Chancellor : — 

It is my wish to provide all instruments lor the 
Cavendish Laboratory which Professor Maxwell may 
consider to be immediately required, cither in his 
lectures or otherwise." 

Maxivell prepared a list, but explained while doing 
it that time and thought were necessary to secure t,he 
best form of instruments; and he continues, writing to 
the Vice-Cliancellor : “ 1 think the Duke hilly under- 
stood from what 1 said to him that to furnish the 
Laboratory will be a matter of several years’ duration. 
I shall consider myself, however," he says, “at liberty 
to contribute to the Laboratory any instruments 
which I have had constructed in former years, and 
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which may be found still useful, and also from time to 
time to procure others for special researches/' 

In 1877 in his annual report Professor Maxwell 
announced that the Chancellor'*^ had now completed 
his gift to the University by furnishing the Cavendish 
Laboratory with apparatus suited to the present state 
of science.” 

The stock of apparatus, however, was still small, 
although Maxwell in the most generous manner 
himself spent large sums in adding to it; for the 
Professor was most particular in procuring only 
expensive instruments by the best makers, with such 
additional improvements as he could himself suggest. - 

In March, 1874, a Demonstratorship of Physics 
had been established, and Mr. Garnett of St. John's 
College was appointed. 

Work began in the laboratory in October, 1874. 
At first the number of students was small. Only 
seventeen names appear in the Natural Sciences 
Tri])ost list for 1874, and few of those did Physics. 

The fear alluded to by the Professor in his intro- 
ductnry lecture, that men reading for the Mathematical 

* TJio Cliancejilor continnod to take to the end of his life a warm 
inferost in the work at the lahoratoiy. Tn 1887, the Juhilce year, as 
I’roctor— at the same time I liehl the oftice of Demonstrator — it was 
niy duty to accompany the C^hanccdlor and other ofticera to Windsor 
to i^rosont an address from the University to Her Majesty. I was 
introducH'd to the Chancellor at Paddington, and he at onc'e began to 
(piestion me closely about the progress of the laboratory, the number 
of studvnts, and the work being done there, showing himself fully 
acquainted with recent progress. 

t In 1 894 tlio list contained, in Part II., sixteen names, and in 
Part I., one hundred and three names. 
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Tripos would not find time for attendance at the 
laboratory, was justified. One of the weaknesses of 
our Cambridge plan has been the divorce between 
Mathematics and experimental work, encouraged 
by our system of examinations. Experimental 
knowledge is supposed not to be needed for the 
Mathematical Tripos; the Mathematics permitted in 
the Natural Sciences Tripos are very simple; thus 
it came about that few men while reading for the 
Mathematical Tripos attended the laboratory, and 
this unfortunate result was intensified by the action 
of the University in 1877-78, when the regulations 
for the Mathematical Tripos were again altered.* 

Still there were pupils eager and willing to work, 
though they were chie% men who had already taken 
their B.A. degree, and who wished to continue 
Physical reading and research, even though it in- 
volved “a considerable amount of dull labour not 
altogether attractive.*’ My own work there began in 
1876, and it may be interesting if I recall my remin- 
iscences of that time. 

The first experiments I can recollect related to the 
measurement of electrical resistance. I well remember 

♦ Under the new regulations Physics was removed from the first 
part of the Tripos and formed, with the more advanced parts of 
Astronomy and Pure Mathematics, a part by itself, to which only the 
Wranglers were admitted. Thus the number of men encouraged to 
read Physics w-us very limited. This pernicious system w^as altered 
in the regulations at present in force, which came into action in 1892. 
Part I. of the IMathematical Tripos now contains Heat, Elementary 
Hydrodynamics and Sound, and the simpler parts of Electricity and 
Magnetism, and candidates for this examination do come to the 
laboratoiy", though not in very large numbers. The more advanced 
parts both of Mathematics and Physics are included in Pait II. 
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Maxwell explaining the principle of Wheatstone’s 
bridge, and iny own wish at the time that I had come 
to the laboratory before the Tripos, instead of after- 
wards. Lord Rayleigh had, during the examination, 
set an easy question which I failed to do for want 
of some slight experimental knowledge, and the first 
few words of Maxwell’s talk showed me the solution. 

I did not attend his lectures regularly — they were 
given, I think, at an hour which I was obliged to 
devote to teaching ; besides, there was his book, the 
“ Electricity and Magnetism,” into which I had just 
dipped before the Tripos, to work at. 

Chrystal and Saimder were then busy at their 
verification of Ohm’s law. They were using a number 
of the Thomson form of tray Daniell’s cells, and 
Maxwell was anxious for tests of various kinds to 
be made on these cells ; these I undertook, and 
spent some time over various simple measurements 
on tliein. Jle then set me to work at some of the 
properties of a stratified dielectric, consisting, if I 
remember rightly, of siieets of paraffin paper and 
mi<'a. By this means 1 became acquainted with 
various pieces of apparatus. There Averc no regular 
classes and no set drill of demonstrations arranged 
for examination purposes ; these came later. In Max- 
well’s time those Avho wished to work had the use of 
the laboratory and assistance and help from him, but 
they were left pretty much to themselves to find out 
about the apparatus and the best methods of using it. 

Rather later than this Schuster came and did 
some of his spectroscope Avork. J. E. H. Gordon 
was busy Avith the preliminary observations for his 
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dc termination of Verdet’s constant, and Niven had 
various electrical experiments on hand ; while Fleming 
was at work on the B. A. resistance coils. 

My own tastes lay in the direction of optics. 
Maxwell was anxious that I should investigate the 
properties of certain crystals. I think they were the 
chlorate of potash crystals, about which Stokes and 
Rayleigh have since written ; but these crystals were 
to be grown, a slow process which would, he supposed, 
take years ; and as I wished to produce a dissertation 
for the Trinity Fellowship examination in 1877, that 
work had to be laid aside. 

Eventually I selected as a subject the form of the 
wave surface in a biaxial crystal, and set to work in 
a room assigned to mo. The Professor used to come 
in on most days to see how I was getting on. Generally 
he brought his dog, which sometimes was shut up in 
the next room while he wont to college. Dogs were 
not allowed in college, and Maxwell had an amusing 
way of describing how Toby once wandered into 
Trinity, and by some doggish instinct discovered 
immediately, to his intense amazement, that he was 
in a place where no dogs had been since the college 
was. Toby was not always quiet in his masters 
absence, and his presence in the next room was some- 
what disturbing. 

When difficulties occurred Maxwell was always 
ready to listen. Oiten the answer did not come at 
once, but it always did come after a little time. I 
remember one day, when I was in a serious dilemma, 
I told him my long tale, and he said ; — 

Well, Chrystal has been talking to me, and 
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Garnett and Schuster have been askipg questions, 
and all this has formed a good thick crust round iny 
brain. What you have said will take some time to 
soak through, but we will see about it.’* In a few 
chiys ho came back with — ‘^I have b^en thinking 
over what you said the other day, and if you do so- 
and-so it will be all right.” 

My dissertation was referred to him, and on the 
day of the election, when returning to Cambridge for 
the admission, I met him at Blctchley station, and 
well remember his kind congratulations and words 
of warm encouragement. 

For the next year and a half I was working 
regularly at the laboratory and saw him almost daily 
during term time. 

Of these last years there really is but little to tell. 
His own scientific work went on. The Electricity 
and Magnetism” was written mostly at Glenlair. 
About the time or his return to Cambridge, in October, 
1872, he writes* to Lewis Campbell ; — 

“ I am continually engaged in stirring up the Clarendon 
Press, but they liave been tolerably regular for two months. I 
find nine sheets in thirteen weeks is their average. Tait gives 
nic great help in detecting absurdities. I am getting converted 
to quatornion.s, and have put some in iny book.” 

The book was published in 1873. The Text-book 
of Heat was written during the same period, while 
Matter and Motion,” “ a small book on a great 
subject,” was published in 187C. 

In 1873 and 1874 he was one of the examiners for 
the Natural Sciences Tripos, and in 1873 he was the 

* Life of J. C. Maxwell,^’ p. 383. 
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first additional examiner for the Mathematical Tripos, 
in accordance with the scheme which he had done so 
much to promote in 1868. 

Many of his shorter papers were written about the 
same time. The ninth edition of the Encyclopcedia 
Briiannica was being published, and Professor Baynes 
had enlisted his aid in the work. The articles 
** Atom,” " Attraction,” ‘‘ Capillary Action,” “ Constitu- 
tion of Bodies,” “Diffusion,” “Ether,” “Faraday,” and 
others are by him. 

He also wrote a number of papers for Nature. 
Some of these are reviews of books or accounts of 
scientific men, such as the notices of Faraday and 
Helmholtz, which appeared with their portraits ; 
others again arc original contributions to science. 
Among the latter many have reference to the 
molecular constitution of bodies. Two lectures — the 
first on “Molecules,” delivered before the British 
Association at Bradford in 1873 ; the second on the 
“ Dynamical Evidence of the Molecular Constitution 
of Bodies,” delivered before the Chemical Society in 
1875 — Avere of special importance. The closing 
sentences of the first lecture have been often quoted. 
They run as follow : — 

“ In the heavens we discover by their light, and by their 
light alone, stars so distant from each other that no material 
thing can ever have passed from one to another ; and yet this 
light, which is to us the sole evidence of the existence of these 
distant worlds, tells us also that each of them is built up of 
molecules of the same kinds as those which we find on earth. 
A molecule of hydrogen, for example, whether in Sirius or in 
Arcturus, executes its vibrations in precisely the same time. 

**£ach molecule therefore throughout the universe Lears 
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impressed upon it the stamp of a metric system, as diatuictly 
as does the metre of the Archives at Paris, or the double r- yal 
cubit of the temple of Karnac. 

“No theory of evolution can bo formed to account f.^r the 
similarity of molecules, for evolution necessarily implies con- 
tinuous change, and the molecule is incapable of growth or 
decay, of generation or destruction. 

“None of the processes of Nature, since the time when 
Nature began, have produced the slightest difference in the 
properties of any molecule. We are therefore unable to 
ascribe cither the existence of the molecules or the identity 
of their properties to any of the causes which we call natural. 

“ On the other hand, the exact equality of each molecule to 
all others of the same kind gives it, as Sir John Ilcrschel has 
well said, the essential character of a manufactured article, 
and i)recludcs the idea of its being eternal and self-existent. 

“Thus we have been led along a strictly scicntilic path, 
very near to the point at which Science must stop— not that 
Science is debarred from studying the internal mechanism of a 
molecule which she cannot take to pieces any more than from 
investigating an organism which she cannot put together. But 
in tracing back the history of matter, Science is arrested when 
she assures herself, on the one hand, that the molecule has 
been made, and, on the other, that it has not been made by 
any of the processes we call natural. 

“Science is incompetent to reason upon the creation of 
matter itself out of nothing. Wo have reached the utmost 
limits of our thinking faculties when we have admitted that 
because matter cannot be eternal and self- existent, it must 
have been created. 

“ It is only w^hen we contemplate, not matter in itself, but 
the form in which it actually exists, that our mind finds some- 
thing on which it can lay hold. 

“That matter, as such, should have certain fundamental 
properties, that it should exist in space and be capable of 
’motion, that its motion should be persistent, and so on, are 
truths which may, for anything we know, be of the kind which 
metaphysicians call necessary. We may use our knowledge of 
F 
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such truths for purposes of deduction, but we have no data for 
speculating as to their origin. 

“ But that there should be exactly so much matter and no 
more in every molecule of hydrogen is a fact of a very different 
order. We have here a particular distribution of matter — a 
coUocMion^ to use the expression of Dr. Chalmers, of things 
which we have no difficulty in imagining to have been arranged 
otherwise. 

“ The form and dimensions of the orbits of the planets, for 
instance, are not determined by any law of nature, but depend 
upon a particular collocation of matter. The same is the case 
with respect to the size of the earth, from which the standard 
of what is called the metrical system has been derived. But 
these astronomical and terrestrial magnitudes are far inferior 
in scientific importance to that most fundainental of all 
standards whifffi forms the base of the molecular system. 
Natural causes, as we know, are at work which tend to modify, 
if they do not at length destroy, all the arrangements and 
dimensions of the earth and the whole solar system. But 
though in the course of ages catastrophes have occurred and 
may yet occur in the heavens, though ancient systems may bo 
dissolved and new systems evolved out of their ruins, the 
molecules out of which these systems are built — the foundation 
stones of the material universe— remain unbroken and unworn. 
They continue this day as they were created — perfect in 
number and measure and weight; and from the ineffaceable 
characters impressed on them we may learn that those aspira- 
tions after accuracy in measurement, and justice in action, 
which we reckon among our noblest attributes as men, are 
ours because they are essential constituents of the image of 
Him who in the beginning created, not only the heaven and 
the earth, but the materials of which heaven and earth consist.” 

This was criticised in Nature by Mr. C. J. Mimro, 
and at a later time by Clifford in one of his essays. 

Some correspondence with the Bishop of Glou- 
cester and Bristol on the authority for the com- 
parison of molecules to manufactured articles is 
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given by Professor Campbell, and in it Ma-^vell 
points out that the latter part of the article ‘ Atom ” 
in the Encydopcvdla is intended to nif et Mr. Y laro’s 
criticism. 

In 1874 +he British Association met ai Belfast, 
under the presidency of Tindall, ^faxweil Avas pre- 
sent, nnd published afterwards in BUtchwood'ti 
zltie an aTiiusingparaphfO.sc of liio president's address. 
This, Avitli some other verses written, at about the 
‘same time, may b(3 quoted Itcrc. Professor Campbell 
has collected a number of versos written by Maxwell 
at various times, which illustrate in an admirable 
manner both the gra\o and the gay side of his 
character. 


BRITISH ASSOCIATION, 1874. 

2\''otes of the President* fi Address. 

.I.\ Iho very Logirinings of science, the |)arsf)ris, ’.vho managed things 
then, 

ih ing handy with hfimmor and chisel, made gods in the likeness of 
men ; 

I'ill commerce arose, and at length some men of exceptional power 

.Supplanted both demons and gods by the atoms, which last to this 
hour. 

Vet they did not abobsh the gods, but they sent them well out of the 
way. 

With the rarest of nectar to drink, and blue fields of nothing to sway. 

P>om nothing comes nothing, they told us— naught happens by 
chance, but by fate ; 

There i.s nothing but atoms and void, all else is mere whims out of date I 

Then why should a man curry favour with beings who cannot exist, 

To compass some petty promotion in nebulous kingdoms of mist ? 

15ut not by the rays of the sun, nor the glittering shafts of the day, 

Idiist the fear of the gods be dispelled, but by words, and thoir 
wonderful play. 

F 2 
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So treading a path all untrod, the poet-philosopher sings 

Of the seeds of the mighty world — the first-beginnings of things ; 

How freely ho scatters his atoms before the beginning of years ; 

How ho clothes them with force as a garment, those small incom- 
pressible spheres ! 

Nor yet does he leave them hard-hearted — he dowers them with love 
and with hate, 

Like spherical small British Asses in infinitesimal state ; 

Till just as that living Plato, whom foreigners nickname Plateau,* 
Drops oil in his whisky-and- water (for foreigners sweeten it so) ; 

Each drop keeps apart from the other, enclosed in a flexible skin, 

Till touched by the gentle emotion evolved by the prick of a pin : 
Thus in atoms a simple collision excites a sensational thrill, 

Evolved through all sorts of emotion, as sense, understanding, and will 
(For by laying their heads all together, the atoms, as councillors do, 
May f!ombino to express an opinion to every on(^ of them new). 

There is nobody hero, I should say, has felt true indignation at all, 
Till an indignation mooting is held in the Ulster Hall ; 

Then gathers the wave of emotion, then noble feelings arise, 

Till you all pass a resolution which tfikes every man by surprise. 

Thus the pure elementary atom, the unit of mass and of thought. 

By force of mere j uxtaposition to life and sensation is brought ; 

8o, down through untold generations, transmission of structureless germs 
Enables our race to inherit the thoughts of beasts, fishes, and worms. 
We honour our fathers and mothers, grandfathers and grandmothers 
too ; 

But how shall we honour the vista of ancestors now in our view ? 
First, then, let us honour the atom, so lively, so wise, and so small ; 
The atomists next let us praise, Epicurus, Lucretius, and all. 

Lot us damn with faint praise Bishop Butler, in whom many atoms 
combined 

To form that remarkable structure it pleased him to call — his mind. 
Last, praise we the noble body to which, for the time, wo belong, 

Ere yet the swift whirl of the atoms has hurried us, ruthless, along, 
The British Assoc iation — like Jjoviathan worshipped by Hobbes, 

I’hc incarn.ation of wisdom, built up of our witless nobs, 

Which will carry on endless discussions when I, and probably you, 
Have melted in infinite azure — in English, till all is blue. 

* “ Stati<iue Experiiiientale et Thdorique des Liquides souniis aux seules 
Forces Moleculaires.” Par J. Plateau, Professeur a I’Universite de Gaud, 
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MOLECUIAR E\0LX;T10N. 

BolftsL 1874. 

At quite uncertain times and pbc'is?, 

Tiio atoms left their licavonly ] th, 

i^nd h;" fortuitous embraces 
Engendered al’ that being hrtth. 

And though they seem (o cling together, 

And for n ** assoi iations here, 

Yet, soon or late, they ljurst their tether, 

And through the depths of spa^-c career. 

So we who sat, oppressed with 8cieiu*(5, 

As British Asses, vise ana jmve, 

Are now transformed to wild Red Lions,* 

As rojind our prey we ramp and rave. 

Thus, by a swift metamorphosis, 

Wisdom turns wit, and scieiico joke, 

Nonsense is incens<^ to our *M)S 08 , 

For when Rod Lions speak tlioy smoko. 

Hail, Nonsense ! dry nurse of Rod Lions, f 
From thee the wise their w isdom learn ; 

From th (!0 they cull those' truths of science, 

Wliich into thee again they turn. 

Wliat combinations of ideas 

Nonsense uhuic can wisely form ! 

What sJige.' has half the power tliat she has, 

To take the towers of Truth by storm 't 

Yield, then, yo rules of rigid reason! 

Dissolve, thou too, too solid sense ! 

Melt into nonsense for a season, 

Then in some nobler form condense. 

Roon, all too soon, the chilly morning 
This flow of soul will crystallise ; 

Then those who Nonsense now arc scorning 
May learn, too bite, where wisdom lies. 

* Tlie “ Red Liens” are a club formed by MeniU'rs of the British Association 
meet for relaxation after tlie graver laljours of the day. 

t “ Leouum arida iiutrix.”— /Aottce. 
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TO THE COMMITTEE OF THE CAYLEY 
PORTRAIT FUND. 

1874. 

O WRETCHED race of men, to space conBned ! 

What honour can ye i^ay to him, whose mind 
To that which lies beyond hath penetrated? 

The symbols he hath formed shall sound his praise, 

And lead him on through unimagined ways 
To conquests new, in worlds not yet created. 

First, ye Determinants ! in ordered row 
And massive column ranged, before him go, 

To form a phalanx for his safe protection. 

Ye powers of the roots of — 1 ! 

Around his head in ccjasoless ♦ cycles run, 

As unorribodicMl spirits of direction. 

And you, ye undevelopable scrolls ! 

Above the host wave your emblazoned rolls. 

Ruled for tlie record of his bright inventions. 

Ye cubic surfaces ! by threes and nin(‘S 

Draw round his camp y'our seven-and-tweiity lines — 

The seal of Solomon in three dimensions. 

March on, symbolic host! with step sublime, 

Up to the flaming bounds of Space and Time ! 

There pause, until by Dickinson depicted, 

In two dimensions, wo the form may trace 
Of liini whose soul, too large for vulgar space, 

1 n » dimensions flourished unrestricted. 

IN MExMORY OF EDWARD WILSON, 

Who rei'>ented of what was in his mind to write after section. 

Rigid Body {sings), 

OiN a body meet a body 
Flyin’ through the air. 

Gin a body hit a body. 

Will it fly ? and where ? 


* v.r.j endless. 
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Ilka impact ha: its measure, 
Ne’.r a ane hae X ; 

Yet a’ the lade they mea.siiro me, 
(.)r, at le ^st, they try. 

Oin a body Treei a h dy 
Altogether free, 

TTonv they travel after\v.u\!'i 
AW do not always see. 
like, i)robIem has its motiiod 
By analytics high. - 
For me, 1 kon na une o’ them, 
lint what the waur am 1 'i 


Another task, which occupied much time, from 
1874 to 1879, was the edition of tlie works of Henry 
Cavendish Cavendish, who was great-uncle to the 
Chancellor, had published only two electrical papers, 
but he had left some twenty packets of manuscript 
on Mathematical and Experimental Electricity. 
These wore placed in Maxwell's hands in 1874 by the 
Duke of Devonshire. 

Niven, in his preface to the collected papers 
dealing with this book, writes thus : — 

“This work, pul)lisUed in 1871), has had the effect of 
increasing the reputation of Cavendish, disclosing as it does 
the unsuspected advances which that acute physicist had 
made in the Theory of Electricity, especially in the measure- 
ment of electrical quantities. The w'ork is enriched by a 
variety of valuable notes, in which Cavendish’s views and 
results are examined by the light of modern theory and 
methods. Especially valuable are the methods applied to the 
determination of the electrical capacities of conductors and 
condensers, a subject in which Cavendish himself showed con- 
siderable skill both of a mathematical and experimental 
character. 
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“ The importance of the task undertaken by Alaxwell in 
connection with Cavendish’s papers will be understood from 
the following extract from his introduction to them : — 

“ * It is somewhat difficult to account for the fact that 
though Cavendish had prepared a complete description of his 
experiments on the charges of bodies, and had even taken the 
trouble to write out a fair copy, and though all this seems to 
have been done before 1774, and he continued to make experi- 
ments in electricity till 1781, and lived on till 1810, he kept 
his manuscript by him and never published it. 

“ ‘ Cavendish cared more for investigation than for publica-, 
tion. He would undertake the most laborious researches in 
order to clear up a difficulty which no one but himself could 
appreciate or was even aware of, and we cannot doubt that the 
result of his enquiries, when successful, gave him a certain 
degree of satisfaction. But it did not excite in him that 
desire to communicate the discovery to others, which in the 
case of ordinary men of science generally ensures the publica- 
tion of their results. How completely these researches of 
Cavendish remained unknown to other men of science is shown 
by the external history of electricity.’ 

“ It will probably be thought a matter of some difficulty 
to place oneself in the position of a physicist of a century 
ago, and to ascertain the exact bearing of his experiments. 
But Maxwell entered upon this undertaking with the ut- 
most enthusiasm, and succeeded in identifying himself with 
Cavendish’s methods. He showed that Cavendish had really 
anticipated several of the discoveries in electrical science 
which have been made since his time. Cavendish was the 
first to form the conception of and to measure Electrostatic 
Capacity and Specific Inductive Capacity ; he also anticipated 
Ohm’s law.” 

During the last years of his life Mrs. Maxwell had 
a serious and prolonged illness, and Maxwell’s work 
was much increased by his duties as sick nurse. On 
one occasion he did not sleep in a bed for three weeks, 
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but conducted his lectures and experiments at the 
laboratory as usual. 

About this time some of those who had been 
“Apostles'" in 1853-57 revived the habit of mooting 
together for discussion. The club, which included 
Professors Lightfoot, Hort and Westcott, was chris- 
tened the “ Eranus," and three of Maxwell’s contribu- 
tions to it have been preserved and are printed by 
Professor Campbell. 

After the (Javendish papers Avere finished, Max- 
well had more time for his own original researches, 
and two important papers were published in 1879. 
The one on “ Stresses in Rarefied Gases arising from 
Inequalities of Temperature” was printed in the 
Royal Society’s Transactions, and deals with the 
Theory of the Radiometer ; the other on “ Boltzmann’s 
Theorem ” appears in the Transactions of the Cam- 
bridge Philosophical Society. In the previous year 
lie had delivered the Rede lecture on “ The Tele- 
phone.” He also began to prepare a second edition 
of “ Electricity and Magnetism.” 

His health gave Avay during the Easter term of 
1879; indeed for two years previously he had been 
troubled with dyspeptic symptoms, but had con- 
suited no one on the subject. He left Cambridge as 
usual in June, hoping that he would quickly recover 
at Glenlair, but he grew worse instead. In October 
he Avas told by Dr. Sanders of Edinburgh that he had 
not a month to live. He returned to Cambridge in 
order to be under the care of Dr. Paget, Avho was able 
in some measure to relieve his most severe suffering 
but the disease, of Avhich his mother had died at the 
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same age, continued its progress, and he died on 
November 5th. His one care during his last illness 
was for those whom he left behind. Mrs. Maxwell 
was an invalid dependent on him for everything, and 
the thought of her helplessness was the one thing 
which in these last days troubled him. 

A funeral service took place in the chapel at 
Trinity College, and afterwards his remains were con- 
veyed to Scotland and interred in the family burying- 
place at Corsock, Kirkcudbright. 

A memorial edition of his works was issued by 
the Cambridge University Press in 1890. A portrait 
by Lowes Dickinson hangs in the hall of Trinity 
College, and there is a bust by Boehm in the 
laboratory. 

After his death Mrs. Maxwell gave his scientific 
library to the Cavendish Laboratory, and on her 
death she loft a sum of about £6,000 to found a 
scholarship in Physics, to be held at the laboratory. 

The preceding pages contain some account of 
Clerk Maxwell’s life as a man of science. His 
character had other sides, and any life of him 
would be incomplete without some brief reference to 
these. His letters to his wife and to other intimate 
friends show throughout his life the depth of his 
religious convictions. The high purpose evidenced 
in the paper given to the present Dean of Canterbury 
Avhen leaving Cambridge, animated him continually, 
and appears from time to time in his writings. The 
student’s evening hymn, composed in 1853 when still 
an undergraduate, expresses the same feelings — 
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Through the creatures Thou hast m^ido 
Show the brightness of Thy glory, 

Be eternal truth displayed 
In their substance transitory, 

Till green earth and ocean hoary, 

Massy rock and tender blade, 

Tell the same unending story, 

“ We are Truth in form arrayed.” 

Teach me so Thy works to read 
That my faith, new strength accruing, 

May from world to world proceed, 

Wisdom^s fruitful search pursuing, 

Till Thy breath my mind imbuing, 

I proclaim the eternal creed, 

Oft the glorious theme renewing, 

God our Lord is God indeed. 

His views on the relation of Science to Faith are 
given in his letter* to Bishop Ellicott already referred 
to — 

“ But I should be very sorry if an interpretation ^’ounded 
on a most conjectural scientific hypothesis were to get fas- 
tened to the text in Genesis, even if by so doing it got rid of 
the old statement of the commentators which has long ceased 
to 1)0 intelligible. The rate of change of scientific hypothesis 
is naturally much more rapid than that of Biblical interpre- 
tations, so that if an interpretation is founded on such an 
hypothesis, it may help to keep the hypothesis above ground 
long after it ought to be buried and forgotten. 

“ At the same time I think that each individual man should 
do all he can to impress his own mind with the extent, the 
order, and the unity of the universe, and should carry these 
ideas with him as he reads such passages as the 1st chapter of 
the Epistle to Colossians {f^ee ‘ Lightfoot on Colossians,’ p. 182), 
just as enlarged concex)tion8 of the extent and unity of the 
world of life maybe of service to us in reading Psalm viii.» 
Heb. ii. G, etc.” 


* “ Life of J. C. Maxwell,” p. 394. 
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And again in his letter* to the secretary of the 
Victoria Institute giving his reasons for declining 
to become a member — 

“ I think men of science as well as other men need to learn 
from Christ, and I think Christians whose minds are scientific 
are bound to study science, that their view of the glory of Cod 
may be as extensive as their being is capable of. But I think 
that the results which each man arrives at in his attempts to 
harmonise his science with his Christianity ought not to be 
regarded as having any significance except to the man himself, 
and to him only for a time, and should not receive the stamp 
of a society.” 

Professor Campbell and Mr. Garnett have given 
us the evidence of those who were with him in his 
last days, as to the strength of his own faith. On his 
death bed he said that he had been occupied in 
trying to gain truth ; that it is but little of truth that 
man can acquire, but it is something to know in 
Avhom wc have believed. 


♦ “ Life of J. C. p. 40 L 
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CHAPTER VII. 

SCIENTIFIC WORK — COLOUR VISION. 

Fifteen years only have passed since the death of 
Clerk Maxwell, and it is almost too soon to hope 
to form a correct estimate of the value of his work 
and its relation to that of others who have laboured 
in the same field. 

Thus Niven, at the close of his obituary notice 
in the IVoceedings of the Royal Society, says: “It 
is seldom that the faculties of invention and exposi- 
tion, the attachment to physical science and capa- 
bility of developing it mathematically, have been 
found existing in one mind to the same degree. It 
would, however, require powers somewhat akin to 
Maxwell’s own to describe the more delicate features of 
the works resulting from this combination, every one 
of which is stamped with the subtle but unmistak- 
able impress of genius.” And again in the preface to 
Maxwell’s works, issued in 1890, he wrote: “Nor 
does it appear to the present editor that the time 
has yet arrived when the quickening influence of 
Maxwell’s mind on modern scientific thought can be 
duly estimated.” 

It is, however, the object of the present series 
to attempt to give some account of the work of men 
of science of the last hundred years, and to show hovsT 
each has contributed his share to our present stock of 
knowledge. This task, then, remains to be done. 
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While attempting it I wish to express my indebted- 
ness to others who have already written about Max- 
well’s scientific work, especially to Mr. W. D. Niven, 
whose prefiice to the Maxwell papers has been so often 
referred to ; to Mr. Garnett, the author of Part II. 
of the “ Life of Maxwell,” which deals with his con- 
tributions to science ; and to Professor Tait, who in 
Nature for February 5th, 1880, gave an account of 
Clerk Maxwell’s work, “ necessarily brief, but sufficient 
to let even the non-mathematical reader see how 
very great were his contributions to modern science ” 
— an account all the more interesting because, again 
to quote from Professor Tait, I have been intimately 
acquainted with him since wo were schoolboys 
together.” 

Maxwell’s main contributions to science may bo 
classified under three heads — “ Colour Perception,” 
“ Molecular Physics,” and Electrical Theories.” In 
addition to these there were other papers of the 
highest interest and importance, such as the essay on 
Saturn’s Rings,” the paper on the “ Equilibrium of 
Elastic Solids,” and various memoirs on pure geometry 
and questions of mechanics, which would, if they stood 
alone, have secured for their author a distinguished 
position as a physicist and mathematician, but which 
are not the works by which his name will be mostly 
remembered. 

The work' on “ Colour Perception ” was begun at 
an early date. We have seen Maxwell while still at 
Edinburgh interested in the discussions about Hay’s 
theories. 

His first published paper on the subject was a 
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letter to Dr. G. Wilson, printed iii the T.*ansactions of 
the Royal Society of Arts for 1855; but he had h ien 
* mixing colours by means of his top for some little time 
previously, and the results of these experimento are 
given in a paper entitled “Experiments on Colour,’^ 
communicated to the Roval Society of Edinburgh 
by Dr. Gregory, and printed in their Transactions, 
vol. y.xi. 

In the paper on “Tlie Theory of Compound 
Colours,” ])rinted in the PhilosophicaL Transactions 
for 1860, Maxwell gives a history of the theory as' 
it was known to him. 

He points out first the distinction between the 
optical properties and the chromatic properties of a 
beam of light. '‘The optical properties arc those 
whiedi have reference to its origin and propagation 
through media until it fails on the sensitive organ of 
vision ; ” they depend on the periods and amplitudes 
of the ether vibrations which compose the beam.- 
“ Tlio chromatic properties are those which have 
roferonce to its power of exciting certain sensations of 
colour perceived through the organ of vision.” It is 
pctssible for two beams to be optically very different 
and chromatically alike. The converse is not true ;• 
two beams which are optically alike are also chroma- 
tically alike. 

The foundation of the theory of compound colours 
was laid by Newton. He first shewed that “by the 
mixture of homogencal light colours may be pro- 
^.duced which are like to the colours of horaogeneal 
light as to the appearance of colour, but not as to the 
immutability of colour and constitution of light.” Two 
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beams which differ optically may yet be alike chroma- 
tically ; it is possible by mixing red and yellow to 
obtain an orange colour chromatically similar to the 
orange of the spectrum, but optically different to that 
orange, for the compound orange can be analysed by 
a prism into its component red and yellow; the 
spectrum orange is incapable of further resolution. 

Newton also solves the following problem : — 

In a mixture of primary colours, the quantity 
and quality of each being given to know the colour 
of the compound (Optics, Book 1, Part 2, Prop. 6), 
and his solution is the following : — He arranges the 
seven colours of the spectrum round the circaunfer- 
ence of a circle, the length occupied by each colour 
being proportional to the musical interval to Avhich, 
in Newton’s views, the colour corresponded. At the 
centre of gravity of each of those arcs he supposes a 
weight placed proportional to the number of rays of 
the corresponding colour which enter into the mixture 
under consideration. The position of the centre of 
gravity of these weights indicates the nature of the 
resultant colour. A radius drawn through this centre 
of gravity points out the colour of the spectrum which 
it most resembles ; the distance of the centre of gravity 
from the centre gives the fulness of the colour. 
The centre itself is white. Newton gives no proof 
of this rule ; he merely says, “ This rule I conceive to 
be accurate enough for practice, though not mathe- 
matically accurate.” 

Maxwell proved that Newton’s method of finding 
the centre of gravity of the component colours was 
confirmed by his observations, and that it involves 



inat}icniati(fally the theory oi' ilireo clcjiionts of uol^ ui* ; 
but the (h’sposllioii of tho colours on the circle was 
only a provisional arraityciiicni ; ih.e true rel tions 
of the colours v ould only be deternouod by direct 
experiment. 

Thomas Young appears vo base Ik eu the next, after 
Newton, to work m the thev ry of colour sensation. He 
made ooservatioiis by spinning coloured discs much 
in the same way as that which was afte'' ., ards adopted 
fey Max^voll, and ho developed the theory that three 
diftereiit primary sensations may be excited in the eye 
by light, while the colour of any beam depends on 
the proportions in which <hcso three sensations are 
excited. He supposes the three primary sensations to 
(jorrespond to red, green, and violet. A blue ray is 
capable of exciting both the green and the violet ; a 
yellow ray excites the red and thc‘ green. Any colour, 
acHiording to Young’s theory, may be matched by a 
mixture of those three priiiiary colours taken in j)ropcr 
nroportion ; the (piality of the colour depends on 
tlio proportion of the intensities of the compon- 
ents; its brightness depends on the sum of these 
intensities. 

Maxwell’s experiments were undertaken with the 
object of proving or disproving the physical part of 
Young’s theory. He does not consider the question 
whether there are three distinct sensations corre- 
sponding to the three primary colours ; that is a 
physiological incpiiry, and one to which no completely 
r satisfactory answer has yet been given. He does show 
that by a proper mixture of any three arbitrarily 
chosen standard colours it is possible to miitch any 
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other e)lour; the words “proper mixture/’ however, 
need, as will appear shortly, some development. 

We may with advantage compare the problem* 
with one in acoustics. 

When a compound musical note consisting of 
a pure tone and its overtones is sounded, the 
trained ear can distinguish the various overtones 
and analyse the sound into its simple components. 
The same sensation cannot be excit-ed in two difterent 
ways. The eye has no such corresponding power. ’ 
A given yellow may be a pure s])ectral yellow, corre- 
sponding to a pure tone in music, or it may be a 
mixture (»t‘ a number of other pure tones; in either 
case it. can be matched I.)}' a proper combination of 
three standard (colours — this llaxwell proved. It 
may be, as Young suj)pt>sed, that if the three standard 
colours be properly selected they correspond exactly 
to throe primar}' sensations of the brain. Maxwell’s 
experiments do not alford any light on this point, 
which still remains more than doubtful. 

\Mieii Maxwell began his wo)*k the theory of 
colours was exciting considerable interest. Sir David 
Brewster had recently developed a new theory of 
colour sensation which had formed the basis of some 
discussions, and in 1852 von Helmholtz published 
his first paper on the subject. According to Brewster, 
the three primitive colours were red, yellow and blue, 
and he supposed that they corresponded to three 
different kinds of objective light. Helmholtz pointed 
out that experiments up to that date liad been con- 
ducted by mixing pigments, with the exception of those 
in which the rotating disc was used, and that it is 
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nccessiiry to nifiko th^in on tlio I'liys of tho s|.iC('U’nni 
itself. JIo then describes a method of luixino rhe 
li<;ht froPT two spectra so as toobto.i!i the corril 'uation 
( f every two of the sioiple prisip.diL rays iii all 
degrees of rolatb^e strength. 

From tliese exporimu\ts rosnllf . which at the time 
were nncxj)C('‘tc<h hut some oi which must have been 
known to Young, were obtained. Among them it 
w^as shown that a. mixtaro of rod ci.d green made 
'jollow, while (aie of gvoen and violet produced blue. 

In a late^* paper (Phito^ophiud Magaziva, 1854) 
Hohnhoitz described a metliod for ascertaining the 
various ])airs of cuinplcmcntary ct)lours — colours, tiiat 
is, which when mixed will give w^hitc — which had 
been showm by (Trassmaii to exist if Newton’s theory 
won3 Iriir. He also gawe a provisional diagram of 
the curve fornitMl by the s]>e«5truni, Nwhich onglit to 
lake the ])laco o|‘ the cii'cle in Newton’s liagram ; 
r<»r this, however, his e.xperunents lid not give the 
<' omplete data. 

Such Avas the state of the cpicstion when Maxwell 
i»egan. His tirsi colour-box was made in ]852. 
Others were designed in 1855 and 1856, and the final 
paper appeared in 1860. lint l)efore that time he 
had established important results by means of his 
rotatory discs and colour top. In his own description 
of this he says : “ The coloured ])aper is cut into the 
form of disc, each Avith a hole in the centre and 
divided along a radius so as to admit of several of 
them being placed on the same axis, so that part of 
each is exposed, liy slipping one disc over another 
we can expose any given portion of each colour, 
a 2 
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These discs arc placed on a top or teetotum, whicli 
is spun rapidly. The axis of the top passes through 
the centre of the discs, and tlie quantity of each 
colour exposed is measured by graduations on the 
rim of the top, which is divided into 100 parts. 
When the top is spun sufficiently rapidly, the 
impressions due to each colour separately follow each 
other in quick succession at each point of the retina, 
and «are blended together ; the strength of the im- 
pression due to each colour is, as can be shown 
ex])erimentally, the same as when the three kinds of 
liglit in the same relative proportions enter the 
eye simultaneously. These relative proportions are 
measured by the areas of the various discs which 
are exposed. Two sets of discs of different radius 
are used; the largest discs arc put on iirst, then the 
smaller, so that the centre ])ortion of the top shows 
the colour arising from the mixture of those of the 
smaller discs; the outer portion, tliat of the large i* 
discs.’' 

In experimenting, six discs of each size are used, 
black, white, red, green, yellow and blue. It is found 
by ex])eriment that a match can be arranged betAveen 
any live of these. Thus three of the larger discs arc 
])laccd on the top — say black, yellow and blue — and 
two of the smaller discs, red and green, are placed 
above these. Then it is found that it is possible so 
to adjust the amount exposed of each disc that the two 
parts of the top appear Avhen it is spun to be of the 
same tint. In one scries of experiments the chromatic 
effect of 4()*8 parts of black, 291 of yellow, and 24T 
of blue was found to be the same as that of GG G of 
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rod iind .dd 4 of* <yroeK ; each set of discs lias a 'dr ty 
yellow tinge. 

Now, in this experiniont black is not a ' ;lour; 
practically ric light roaches tho eco iV an a (load 
i>lao/K. Wo have, ^lowevor, to fill up the circuiULoronco 
of tlu? top in sv)m(", way wlacli v ill not atlect the 
inipr<ssion on iho rolina arising from tho inix'rire 
nt tho blue and ycdlovv; this we can do by using 
th(} black «lisc. 

Tlius wo hav(! shnwn that Od d ]'aits of* rod aiid 
8J^‘4 parts v>f green jirc^ducc tho same chromatic cHc(it 
as 2f)*l ol yellow and 241 of blue. Similarly in this 
manner a match can he arranged between any four 
colours and iilack, the black being miccssary to 
complete the circumference of the discs. 

Thus using A, B, (J, D to denote the various 
oolonrs, ((, h, r, d tlic airKumts of cacii colour taken, 
wo can get a scries of results cx[)ressed as follows: 
(I. parts of A together with h parts of B match c parts 
ofC toget her with d parts of JJ ; or we may write this 
an <‘(j nation thus : — 

r, A -f 5 B r ( t -f d J ), 

where the f stands for “ combined with,” and tho = 
for ‘‘ matches in tint.’’ 

We may also write tho above — 

d I) = a A -t h B r 0, 

or </ parts of I) can ho matched by a jn'o^trr combina- 
tion of colours A, B, The sign — shows that in 
order to make the matdi we have to combine the 
colour ( * with I) ; the combination tluai matches 
a mixture of A and B. 
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Tn this way we can form a number of equations 
for all possible colours, and if we like to take any 
three colours A, B, C as standards, we obtain a result 
which may be written generally — 

u? X — rx A + /> B -f c 0, 

or parts of X can be mat(‘.hed by o ])arts of A, 
combined with h parts of B and c parts off!. If the 
sign of one of the quantities a, h, or r is negative, it 
indicates that that colour must be (K)mbine(} with X 
to match the other two. 

Now Maxwell was able to show that, if A, B, C- 
be })roperly sdecbul, nearly every other colour can 
be matched by positive combinations of thes(} 
(hre(‘. These three colours, then, are primary colours, 
and neai’ly every^ other colom* can bo ]natch(;d by a 
combination of the three primary colours. 

Bxperirnents, however, with coloured discs, such 
as were undertaken by Young, l^'orbes and Maxwell, 
were not capable of giving satisfactory results. The 
coloiu’s of the discs were not pure spectrum colours, 
and varied to some extent with the nature of t,he 
incident light. It was for this reason tliat Helmholtz 
in 1S52 experimented with the spfH;trum, and that 
Maxwell about (he same time invented his colour 

l)OX. 

The principle oi’ the latter was very sinq)le. Sup- 
pose wc liave a slit 8, and soiik^ arrangement for 
forming a pure spectrum on a screen, bet there 
now be a slit R plac(Ml in the rod part of the spectrum 
on the screen. When light falls on the slit S, only 
the red rays can reacli H, and hence conversely, if the 
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white source be placed at tlio other end of the i)p])aia- 
tus, so chat K is illuininatefl ^\itb white light, on^y red 
* rays will reach S. Similrrly. if auothcf slit be ulaced 
in the green al (b and this bo illuiuiiia^ed by \.hite 
light, only the green rays v. ill reacli S, Avliile from 
a third slit V in the ^ iolct, v-olct light only can 
{UTive at tS. Thus by (*[»eunig ihe three slits at V, 
tr and it siinultau.cously, and b oklng tlirough S, the 
retina receives the imprcnsiou of tin three ditiler''nt 
eolonrs. The amount of hglii ol‘ each colour will 
depend ou the b]*eadtli lo which the corresponding 
slit is opened, and the relative intensities of the three 
different (‘oniponent.s can be coin]>ared by eoin])arin.^ 
the bi’cadths of the three slits. Any other colour 
wliich is allowed by some suil-jiblc (‘.ontrivamje to 
enter the eyo. siinultaneously^ can now bo maUdied, 
provided the red, green and violet are primary 
colours. 

lly means of experiments witli the eolour box 
Maxwell showed conclusively that a match could be 
obtained between any four colours ; the experiments 
could not be carried out in (|uito the simple manner 
suggested by the above description of the priiKjiplc of 
the box. An account of the method will bo found in 
Maxwell’s own paper. It consisted in matching a 
standard white by various combinations of other 
colouis. 

The main object of his research, liowever, was 
to examine the chromatic properties of the different 
parts of the spectrum, and to determine the form 
of the curve which ought, to re))lace tlie ciinde in 
Newton’s diagram of colour, 
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Maxwell adopted tis his three standard colours: 
red, of about wave length 0,302 ; green, wave length 
5,281 ; and violet, 4,569 tenth metres. Un the scale 
of Maxwell's instrument these are represented by the 
nuinbers 24, 44 and 68. 

]jet us take three points A, B, L' at the corners 
of an equilateral triangle to represent on a diagram 
these three colours. The position of any other colour 
on the diagram will be found by taking weights 
proportional to the amounts of the colours A, B, ( ' 
required to make the match between A, B, C and the 
given colour: these weights are placed at A, B, (' 
respectively ; the position of their centre of gravity 
is the point required. Thus the position of white is 
given by the equation — 

W = IcS-G (24) + 31-4 (44) + 30*5 (08) 

which means that weights proportional toLS G, 3T4 
and 30*5 are to be placed at A, B, C respectively, 
and their centre of gravity is to be found. The point, 
so found is the position of white. Any other colour 
is given l>y the equation — 

X = a (24) -f 6 (44) -f c (68). 

Again, the position on the diagram for all colours 
for which <i, h, c are all positive lies within the 
triangle A B C. If one of the co-etHcients, say c, is 
negative the same construction applies, but the 
weight applied at (/ must be treated as acting 
in the opposite direction to those at A and B. 
A mixture of the given colour and ( ' matches a 
mixture of A and B. It is ch'ar that the point 
corresponding to X will then lie outside the triangle 
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A \\ C. Maxwell si. awed that, with liis staielards, 
nearly all (joloiirs could be represented l)y points 
inside the triangle. The colours ho had ‘ dec ted 
as standards were very close to pritnary colours. 

Again, he proved that any sped r.rn coionr between 
red and green, when cuinbined with a vejy slight 
admixture of violet, could be matched, in the case 
of either Mrs. Maxwell or himsell^ by a proper mix- 
ture of the red and green, 'i'he positions, therelorc, 
of the spectrum colours between red and green lie 
just outside the triangle A C, being very close) 
to the line A 1^, while for the colours between green 
and violet Maxwell obtained a eairvo lying rather 
further outside the side B C. Any spectrum colour 
between green and violet, together with a slight 
admixture of red, can be matched by a proi)cr mix- 
ture of green and violet. 

Thus the circle of Newton’s diagram should be 
replaced by a curve, which coincides very iiearly 
with the two sides A B and B C of Maxwell’s figure. 
Strictly, according to liis observations, the curve lies 
just outside these two sides. The purples of the 
spectrum lie nearly along the third side, C A, of the 
triangle, being obtained approximately by mixing 
the violet and the red. 

To find the point on the diagram corrcsj)onding 
to the colour obtained by mixing any two or more 
s)>ectrum colours we must, in accordance with New- 
ton’s rule, place weights at the points corresponding 
to the selected colours, and find the centre of gravity 
of these weights. 

This, then, was the out(‘omc ol‘ Maxwell’s work on 
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colour. It verified the essential part of Newton’s 
construction, and obtained for the first time the true 
form of the spectrum curve on the diagram. 

The form of this curve will of course depend 
on the eye of the individual observer. Thus Max- 
well and Mrs. Maxwell both made observations, and 
distinct differences were found in their eyes. It 
appears, however, that a largo majority of persons 
have normal vision, and that matches made by one 
such person are accepted by most others as satis- 
factory. Some people, however, are colour blind, and 
Maxwell examined a few such. In the case of those 
whom he examined it aj^peared as though vision was 
dichromatic, the red sensation seemed to be absent ; 
nearly all colours could be matched by combinations 
of green and violet. The colour diagram was reduced 
to the straight line B C. Other forms of colourblind- 
ness have since been investigated. 

In awarding to Maxwell the Rumford medal in 
1860, Major-General Sabine, vice-president of the 
Royal Society, after explaining the theory of colour 
vision and the possible method of verifying it, said : 
“Professor Maxwell has subjected the theory to this 
verification, and thereby raised the composition of 
colours to the rank of a branch of mathematical 
physics,” and he continues: “The researches for which 
the Rumford medal is awarded lead to the remark- 
able result that to a very near degree of approxi- 
mation all the colours of the spectrum, and therefore 
all colours in nature which are only inixtiires of these, 
can be perfectly imitated by mixtures of three 
actually attainable colours, which are the red, green 
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and blue belonging respectively to throe partit'uliu 
parts of the speetruin. 

It should be noticed in coni-hiding our r^Tnarks 
on this part of Maxweibs »vork that Ills results are 
purely physical. They are not incorsistont with the 
physiological part of Young's theory, viz., that there 
arc three primary sensatiojis of colour whicjh caii be 
transTniited to the brain, and that the colour of any 
object depends on the relative pro])ortions in which 
these sensations arc excited, but they do not prove 
tliat tlicory. Any physiological theory which can be 
accepted as true must explain Maxwell’s observations, 
and Young’s theory does this : but it is, of course, 
possible that other theories may cxjilain them equally 
well, and be, more in accordance with physiological 
observations than Young’s. Maxwell has given us 
iJie physical facts which have to be explained ; it is 
for the physiologists to do th(^ rest. 
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CHAPTER VIIL 

SCIENTIFIC WORK — MOLECULAR THEORY. 

Maxwell in his article ‘‘Atom/’ in the ninth edition of 
the E ncj/dopa^dia Britannica, has ^i^iven some account 
of Modern Molecular Science, and in particular of the 
molecular theory of gases. Of this science, Clausius* 
and Maxwell are the founders, though to their names 
it has recently been shown that a third, that of 
Waterston, must be added. In the present chajiter 
it is intended to give an outline of Maxwell’s contri- 
butions to molecular science, and to ex[)lain the 
advances due to him. 

The doctrine that bodies are composed of small 
particles in rapid motion is very ancient. Hemocritus 
was its founder, Lucretius — do Rerum Natura — ex- 
plained its principles. The atoms do not till spacer; 
there is void between. 

“ Quapropter locus est intactus iiiano vacaiisfpic, 
yuocl si uou essut, nullS. rationc inoveri 
Hes possent ; iianujue officiiini quod corporis extat 
Olficerc atquc ol)starc, id in oiiini ttMui)orc adcsset 
Omnibus. Hand igitur quicquaui ])ro(‘ederc posset 
rriiicipiuiii quoniain ce<k*ndi uulJa darot res.” 

According to Roscovitch an atom is an indivisible 
point, having position in space, capable of motion, and 
])osscssing mass. It is also endowed with the power 
of exerting force, so that two atoms attract or repel 
each other with a force depending on their distance 
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apart. It lias no jmrts or dimensions ; it is n mere 
^geometrical point ^vithout extension in sjiacc : it has 
not the pruperl.y of impenetrahilit}. ior two atoms 
can, it is siip]K)sed, exist at the same I'oint. 

In modern molecular sneiice according to 
Maxwell, “ wo begin by assuming that bodies are 
made np of })arts each of which is capable of motion, 
and that those parts act on each other in a manner 
consistent with the jirinciple of the conservaticn of 
energy. In making these assumptions we are 
justified by tlio facts that bodhis iviay be divided into 
smaller parts, and that ail bodies with which we are 
accpiaiiitod are conservative systems, whicli would not 
bo the (iase iinkjss their parts were also conservative 
systems. 

“ W'o may also assume that these small parts are in 
motion. This is the most general assumption we can 
make, foi’ it inchidijs as a particular case tL.c theory 
that the small parts arc at rest. The phenomena of 
the diffusion (d* gases and liquids through each other 
sliow tliat there may Ue a motion of the small ])arts of 
.»> body >vhich is not perceptible to us. 

make no assumption with respect to the 
nature of the small parts — whether they are idl of 
one iriaguitude. We do not even assume them to 
have extension and ligiire. Each of them must be 
measured by its mass, and any two of them must, 
like visible bodies, haA^c the power of a(;ting on one 
another wlien they come near enough to do so. The 
properties of the body or medium are determined by 
the configuration of its parts.” 

These small particles are called molecules, and a 
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Eloleciile in its physical aspect, was defined by 
Maxwell in the following terms : — 

“ A molecule of a substance is a small body, such that if, on 
the one hand, a number of similar molecules were assembled 
together, they would form a mass of that substance ; while on 
the other hand, if any portion of this molecule were removed, it 
would no longer be able, along with an assemblage of other 
molecules similarly treated, to make up a mass of the original 
substance.” 

Wc arc to look upon a gas as an assemblage of 
molecules Hying about in all directions. The path of 
any molecule is a straight line, except during the 
time when it is under the action of a neighbouring 
molecule; this time is usually snudl com])arcd with 
that during which it is free. 

The simplesl. (heury we could formulate would be 
that t,lj(? molecules behaved like elastic spheres, and 
t hat the a(;tion between any two was a collision follow- 
ing the laws which we know apply to the collision oi‘ 
elastic bodies. If the average distance between two 
molecules be great compared with their dimensions, 
the time during which any molecule is in collision 
will be small compared with the interval between the 
collisions, and this is in accordance with the funda- 
mental assumption just mentioned. It is not, 
however, necessary to suppose an encounter between 
two molecules to be a collision. One molecule may 
act on another with a force, which depends on the 
distance between them, of such a character that the 
force is insensible except when the molecules are 
extremely close together. 

It is not difficult to see how the pressure exerted 
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|)y a gas on the sides of a vessel which contahis it 
may be accounted for on this a&suinj)tion. Eacli 
molecule as it strikes tbe side has its inoiuentiun 
reversed — the nioleculcs jirc here assumed -o be 
perfectly elastic. 

Thus each molecule of the gas is continually 
gaining niomentuni from the sides of the vessel, while 
it gives up to the vessel the momentum which it 
possessed before the impact, “'ilie I’ato at which this 
change of momentum proceeds across a given area 
measures the 1‘orce everted on tliac area ; the pressure 
of the gas is the rate of change of momentum per 
unit (d’ area of the surface. 

Agaiji, it can be shown that this pressure is pro- 
pcn’tiunal the product of the mass of each mt)lecule, 
tile mimbor of molecnli‘s in a imil. of \oIume, and 
the S(|Ua.re of tli(‘ vclo('ity of tlie molecules. 

Ii(‘t us consider in the lirst, instance the case of a 
jut. of sand or Avatcr of unit cross section whicli is 
])!ayiiig against a surJace. Suppose for the present 
that all the molecules which strike the surface have 
t he same velocity. 

Then the number of molecules which strike the 
surface per second, Avill be proportional to this velocity. 
If the particles are moving quickly they can reach the 
surface in one second from a greater distance than is 
possible if they be moving sloAvly. Again, the number 
reaching the surface will bo proportional to the 
number of molecules per unit of volume. Hence, if 
we call V the velocity of each particle, and N the 
number of particles per unit of volume, the number 
which strike the surface in one second will be N 
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if rth be the mass of each molecule, the mass which 
strikes the surface per second is N m v ; the velocity 
ol' each particle of this mass is v, therefore the 
momentum destroyed per second by the impact is 
N m V X V, or N m and this measures the pressure. 

Hence in this case if p be the pressure 

= N m 

In the above we assume that all the molecules in 
the jet are moving with velocity v perpendicular tor 
the surface. In the case of a crowd of molecules 
flying about in a closed space this is clearly not true. 
The molecules may strike the surface in any direction ; 
they will not all be moving normal to the surface. 
To simplify the casc^ consider a cubical box filled 
Avith gas. The box has three pairs of equal faces at 
right angles. We may suppose one-third of the 
particles to be moving at right angles to each face, 
and in this case the number per unit volume Avhitjh 
we have to consider is not N, but J N. Hence the 
formula becomes p = ^ N m 

Moreover, if p be the density of the gas — that is, 
the mass of unit volume— then Nm is equal to p, 
for is the mass of each particle, and there are N 
particles in a unit of volume. 

Hence, finally, p ^ \ p v\ 

Or, again, if Vbe the volume of unit mass of the 
gas, then p V is unity, or p is equal to l/T. 

Hence = 'i;v\ 

Formulie equivalent to these appear first to have 
been obtained by Herapath about the year 1810 
(Thomsons “Annals of Philosophy,” 1810). The 
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results only, however, were stated in iliat year. A 
paper which attempted to establish them was pre- 
* sented to the Royal Society in 1820. It gave rise to 
very considerable correspondence, and was withdrawn 
by the ail til or before being read. It is printed in full 
in Thomson’s “ Annals of Philosophy ’ for 1821, vol. i., 
pp. 27;>. 340, 401. The arguments of the author are 
no dou])t open to criticism, and arc in many points 
far from sound. Still, by cvmsidering the problem of 
•the impact of a large number of hard bodies, he 
arrived nt a formula connecting the pressure and 
volume of a given mass of gas equivalent to that 
just given. These results are contained in Proposi- 
tions viii. and ix. of Herapath's paper. 

In his next step, however, Herapath, as we know 
now, was wrong. One of his fundamental assumptions 
is that the temperature of a gas is measured by the 
momentum of each of its partiidcs. Hence, assuming 
this, wo have T — at if T roj)rescnts the tempera- 
ture: and 

y, = .1 N w .1 (,„ r)'-. 

tif 

t )r, again — 

p = > N-T-r= > 

Hi 

'Jdiese results are practically given in Proposition viii., 
Corr. (1) and (2), and Propo.sition ix.* The teinpera- 

* In liis “ IIyaiudyn;iiui(;.s,” publisluid in 1738, Daniel Uomouilli 
liad discussed the constitution of a ga.s, and had proved from general 
considciations that the pressure, if it arose from the impact of a 
immher of moving jjarticles, must he proportional to the square 
'd‘ thf'ir veJoritv. (See “ J-^ogg. Ann.,” Bd. 107, 1859, p. 490.) 

H 
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tnro as thus dctined by Herapath is an absolute 
tciiiperatiiro, and lie calculates the absolute zero of 
temperature at which the gas would have no volume 
from the above results. The actual calculation is of 
course wrong, for, as wo know now by experiment., the 
pressure is proportional to the temperature, and not 
to its square, as Herapath supposed. It will be seen, 
however, that Herapath’s formula gives Boyle’s law : 
for if the temperature is constant, the formula is 
equivalent to 

/> V = a constant. 

Herapath somewhat extended bis work in his 
“Mathematical Physb^s” published in 1(S47, and 
applied his principles to explain diffusion, the relation 
between specific heat and atomic weight, and other 
properties of bodies. He still, however, retained his 
erroneous supj)osition that t.emi)era,ture is to be 
measured by the momentum of the individual 
particles. 

The next step in the theory was made b^- 
Waterston. His paper was read to the lioyal Society 
on March 5th, l(S4(i. It was most unfortunately 
committed to the Archives of the Society, and was 
only disinterred by Jiord Bayleigh in 1892 and 
print(Kl in the Trans.actions for tliat year. 

In the account just given of the theory, it has 
been supposed that all the particles move with the 
same velocity. This is clearly not the case in a gas. 
If at starting all the particles had the same velocity, 
the collisions would change this state of affairs. Some 
parti(‘les will be moving quickly, some slow]}^ We may, 
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however, still ai^ply the theory by splitting r].» the 
particles into groups, and, supposing that each group 
has a constant velocity, the particles in this group 
will contribato vo dit pressure an amount- -pi — Ovpial 
to I N, ,)i where r, is the velocity the group 
and Nj the number of parttcles having that velocity. 
The whole pressure will be found by adding that due 
to the various groups, and will he given as before by 
/; = J N m where is not ik'W the cclual voloc'ty 
of the particles, hut a mean velocity given hy the 
equation 

N == K, q N., v.r 4 

which will produce the same ] pressure as arises from 
the actual impacts. This quantitv v' is known as the 
mean .^cpmrr^ oi the molecular velocity, and is so used 
by Waters ton. 

In a ])apor in the Plril<h^oj>JncaJ Mdijazine for 
ISoS Watorstoii gives an ac(.imnt ot his own paper 
of lS4b in the following terms: — “Mr. Hcrapath 
unfortunately assumc«l heat or toinporaturc to bo 
req)resentc(l by the simple ratio of the velocity instead 
of the sipiarc of the velocity, being in this apj)arently 
Jed astray by the detiiiition of motion generally re- 
ceived, and thus was baffled in his attempts to 
reconcile his tlieory with observation. If wo make 
this change in Mr. Hcrapath ’s definition of heat or 
temperature — viz., that it is ])roportional to the vis- 
viva or square velocity of the moving particle, not to 
the momentum or simple ratio of the velocity — wo 
can without much difficulty deduce not only the 
primary laws of clastic Huids, but also the other 
ii 2 
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physical properties of gases enumerated above in the 
third objection to Newton's hypothesis. [The paper 
from which the quotation is taken is on ‘ The Theory 
of Sound.’] In the Archives of the Royal Society for 
1845-46 there is a paper on ‘ The Physics of Media 
that consist of perfectly ‘‘ Elastic Molecules in a 
State of Motion,” ’ which contains the synthetical 
reasoning on which the demonstration of these 
matters rests. . . . This theory does not take 

account of the size of the molecules. It assumes 
that no time is lost at the impact, and that if the 
impacts produce rotatory motion, the vis viva thus 
invested bears a constant ratio to the rectilineal vis 
viva, so as not to require separate consideration. It 
does, also, not take account of the probable internal 
motion of composite molecules; yet the results so 
(‘.losely accord with observation in every part of the 
subject as to leave no doubt that Mr. Herapath’s idea 
of the physical constitution of gases approximates 
closely to the truth.” 

In his introduction to Waterston’s paper (Phil. 
Trans., 1892) Lord Rayleigh writes: — “Impressed 
with the above passage, and with the general in- 
genuity and soundness of Waterston’s views, I took 
the first opportunity of consulting the Archives, and’ 
saw at once that the memoir justified the large claims 
made for it, and that it marks an immense advance 
in the direction of the now generally received theory.” 

In the first section of the paper Waterston’s great 
advance consisted in the statement that the mean 
s [uare of the kinetic energy of each molecule; 
measures the temjicrature. 
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Aocordiu" to tliis avc nro thus to put in tl)0 pres- 
sure equation — i hh v- T, the teiuperature, and wo 
have at once — p V = ®- N * T. 

Now this eejua^ion expresses, as we knoA", the 
laws of Boyle aiul Gay Jaiscac. 

The second section discusses the properties of 
media, consisting of two or moie gases, and arrives at 
the result that “ in mixed media the mean square 
molecular velocity is inversely proportmnal to the 
specific weights of the ?no'ecules/’ This was the 
great law rediscovered by Maxwell fifteen years later. 
With modern notation it may be put thus: — If 
he tlie masses of each molecule of two dul- 
I'creni sets of molecules mixed together, then, when 
a steady state has been reached, since the temperature 
is the same throughout, is equal to The 

average kinetic energy of each molecule is the same. 

From this Avogadros’ hu\ follows at once — for if 
/>!, p2 he th(‘- })ressures, N;, Nh the mnnhers ol' mole(*ulcs 
per unit, volume — 

/>, ■- 1 N, m, Wi’, 

p, -- 1 No 11*2 

Hence, if is equal to since is equal to 

)u., ?»/, we must liavo equal to Nh, or the number 
of molecules in equal volumes of two gases at the 
same pressure and temperature is the same. The 
proof of this j)roposition given hy Waterston is not 
satisfactory. On this point, however, wo shall have 
more to say. The third section of the paper deals with 
adiabatic expansion, and in it there is an error in calcula- 
tion which prevented correct results from being attained. 
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At the iiioetini*’ of the British Association at, 
Ipswich, in 1851, a paper by J. »). Waterston of 
Bombay, on The (ieneral Theory of Gases,” was read. 
The following is an extract from the Proceedings : — 

The author “(conceives that the atoms of a gas, 
being perfectly elastic, are in continual motion in all 
directions, being constrained within a limited space 
by their collisions with each other, and with the 
])ar tides of surrounding bodies. 

“ The vis viva of these motions in a given portion 
of a gas constitutes the quantity of heat contained 
in it. 

“ lie shows thai the result of this state of motion 
inuFit bo t,o give the gas an elasticity proportional 
to the mean square of the velocity of the molecular 
motions, and to tlu; total mass of the atoms (contained 
in uuity of bulk” (unit of volume)— that is to say, to 
the density of the medium. 

“Tlie elasticity in a given gas is the measure 
of temperature. Equilibrium of pressure and heat 
between two gases takes place when the number 
of atoms in unit of volume is equal and the vis 
viva of each atom equal. Temperature, therefore, 
in all gases is proportional to the mass of one atom 
mult iplied by tlie mean square of the velocity of the 
molecular motions, being measured from an absolute 
zero 49B' helow the zero of Fahrenheit’s ther- 
mometer.” 

It appears, therefoi*e, from these extracts that the 
discovery of the laws that temperature is measured by 
the mean kinetic energy of a single molecule, and 
that in a mixture of gases the mean kinetic energy of 
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each iiiolcciilo is tJio same fui* eacl giis, is duo to 
Wat orstoii. They wore contained in his pa}’ of 
184(), and published by him in 1851. Both these 
pa{)ers, however, appear to have been unnot.o(*d by 
all snbset}uent writers until 1892. 

Meanwhile, in 1848, Joules attention was called 
by his ex})eriinents to the question, and he saw Lliat 
llerapjith’s result gave a means of calculating the 
mean velocity of the molecules of a gas. For ac- 
cording to the result given above, p I p v ~ : thus 
fr =z 8 2 )jp, and p and p being known, we find v\ 'i'hus 
for hydrogen at freezing-point and .‘itmospheric pres- 
sure Joule obtains for e the value (],()5r) feet, per secoT> J, 
or, roughly, six times the velocity of sound in air. 

Clausius was the next writer of iinj)ortance on the 
subject, llis first })aper is in ’ l\)ggcndorfrs Anna- 
len,” vol. c., 1857, “On the Kind of Motion we call 
ITeat.*' It gives an exposition of the theory, and 
(.\stablishos the fa(;t that th.e kinetic energy of the 
translatory motion of a molecule does not re}jrescnt 
t he whole of the lu’ut it contains. If we look upon 
a molecule as a small solid we must consider the 
energy it } 30 ssess(\s in consequence of its rotation 
al)()ut its centre of gravity, as well as the energy due 
to the motion of translation of the whole. 

Clausius’ second j)aper appeared in 1859. In it 
he considers the averagtJ length ol the path ot a 
molecule during the interval Ixitween two c(*llisions. 
Ife determines this path in terms ol the averagv 
distance between the molecules and the distance 
between the (ientres of t.wo molecules at the time 
when a collision is taking place. 
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Those two papers appear to have attracted Max- 
Avell’s attention to the matter, and his first paper, , 
entitled “ Illustrations of the Dynaiiiical Theory of 
Gases,” was read to the British Association at Aber- 
deen and Oxford in 1859 and 1860, and appeared in 
the Pldlomphical Magazine, January and July, 1860. 

In the introduction to this paper Maxwell points 
out, while there was then no means of measuring the 
quantities which occurred in Clausius’ expression for 
the mean free path, “ the phenomena of the internal"^ 
friction of gases, the conduction of heat through a gas, 
and the diffusion of one gas through another, seem to 
indicate th(^ possibility of determining accurately the 
mean length of path which a particle describes betwe(‘n 
t,wo c'ollisions. In order, therefore, to lay the founda- 
tion of su(‘h invest-igations on strict mechanical prin- 
ciples,” he (X)ntiiuics, “ 1 shall demonstrate the laws 
of motion of an indefinite number of small, hard and 
perfectly elastic spheres acting on one another only 
during impact.” 

Maxwell then proceeds to consider in the first case 
the impact of two spheres. 

But a gas consists of an indefinite number of 
molecules. Now it is impossiWe to deal with each 
molecule individually, to trace its history and follow 
its path. In order, therefore, to avoid this difficulty 
Maxwell introduced the statistical method of dealing 
Avith such problems, and this introduction is the first 
great stop in molecular theory with which his name 
is connected. 

He Avas led to this method by his investigation 
into the theory of Saturn’s rings, Avhich had been com- 
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plcted in 1850, and in whicli he had shown that the 
conditions of stability required tiic supposition that 
the rings are composed an indefinite number of free 
particles revolving round Ihe planet, with vc o fities 
depending on their distances fr<'m the centre. These 
particles may either be arranged in separate rings, or 
their motion may be such that they arc continually 
coming into collision with each other. 

As an example of the statistical method, lot us 
"consider a crowd of people !iiovmg along a strt;et. 
Taken as a whole the crowd moves steadily forwards. 
Any individual in the crowd, however, is jostled back- 
wards and forwards and from side to side: if a liu 
were drawn across the street we should find j>eople 
crossing it in both directions. In a considerable in- 
terval more people would cross it, going in tlie direc- 
tion i]i which the crowd is moving, than iji tl\c other, 
and the velocity of the crowd might he estimated 
by counting the number whi(di crossed the line in 
a given interval. This velocity so Ibnnd would differ 
greatly from the velocity of any iiidividnal, Avliich 
might have any value within limits, and wliicli is 
continually changing. If we knew the velocity of 
each individual and the number of individuals we 
coidd calculate the average velocity, and this would 
agree with the value found by counting the I’csnltant 
nund)er of people who cross the line in a given in- 
terval. 

Again, the people in the crowd will naturally lall 
into groups according to their velocities. At any 
moment there will he a certain number of people 
whose velocities are all practically equal, or, to be 
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iiioi’o accniuto, do not differ uniong llieinsel vos hy 
more than some small quantity. The number 
people at any moment in each of these groups will 
bo very difi’erent. The number in any groiq), which 
has a velocity not differing greatly from the mean 
velocity of the whole, will be large; comparatively few 
will have either a very large or a very small velocity. 

Again, at. any moment, individuals are changing 
from one group to another ; a man is brought to 
a stop by some obstruction, and his velocity^ is con-*^ 
siderably altered — he passes from one group to a 
different one; but while this is so, if the mean velocity 
remains (ionstjint, and the size of the crowd bo very 
great, the number of peo))le at any moment in a 
given grou]) remains unchanged. People pass from 
that, grouj) into others, but during any interval tin* 
same number })ass back again into that group. 

It is clear tlnd if this (condition is satisfied the 
(list, ribut ion is a. steady one, and the crowd will continue 
to move on with the same uniform mean velo(*ity. 

Now, Maxwell ap])lies these considerations to a 
crowd of jjerl’ec-tly elastic spheres, moving miyhow in 
a closed space, acting upon each other only when 
in contact. He shows that they may be divided into 
groups according to their velochies, and that, wlien 
the steady state is I'cached, the number in each group 
will remain the same, although the individuals (diange. 
Moreover, it is shown that., if A and ]> represent any 
t.wo groups, the state will oidy be steaily when the 
numbers which i)ass irom the group A to the group- 
i> are equal to the numbers which pass back from the 
grou[) 11 to the group A. This condition, combined 



.\Ni> Moj)T:i{N i»}jvsj('s. 12;^ 

with the lact that the total kinetic -nergy ol‘ the 
^motion remains unchanged, enables him to calculate 
the number of particles in any group in terms of the 
whole number of particles, tlie mean velocity, and the 
actual velocity of the group. 

From this an accurate expression can be found for 
the pressure of the gas, and it is proved that the vahic 
found by others, on the assumption that all the 
])articles were moving with ix common velocity, is 
correct. Previous to this paper of MaxwclFs it Inal 
been realised that the velocities could not be uniform 
throughout. There had been no attempt to determine 
the distribution of velocity, or to submit the j)rob]oi** 
to calculation, making allowance for the variations in 
velocity. 

Maxwell’s matliematical mcliiods are, in tlieir 
generality and elegance, far in advance of anything 
]>reviously attempted in the subject. 

So far it has been assumed that the j)articles in t he 
vessel are all alike. Maxwell next takes the case of 
a mixture of two kinds of particles, and inquires wliat 
relation must exist between the average v(jloeities oi‘ 
these different particles, in order that the state may 
be steady. 

Now, it can be shown that when two elastic spheres 
impinge the effect of the impact is always siudi as to 
reduce the diffei*ence between tlieir kinetic energies. 

Hence, after a very large number of impacts the 
kinetic energies of the two balls must, be the same: 
the steady state, then, Avill be reached Avhen each ball 
has the same kinetic energy. 

Thus if It lit 'iH'2 he the masses of the particles in 
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the two sets respectively, their mean velocitjcs 
we must have finally — 

This is the second of the two great laws enunciated 
by Waterston in 1845 and 1851, but which, as we 
have seen, had remained unknown until 1859, when 
it was again given by Maxwell. 

Now, when gases are mixed their temperatures 
become equal. Hence we conclude, in Maxwell’s 
words, “ that the physical condition which determines 
that the temperature of two gases shall be the saiup, 
is that, the mean kinetic energy of agitation of the 
individual molecules of the two gases are e([ual.'’ 

Thus, as the result ot Maxwell’s more exac.t re- 
searches on the motion of a system of spheri(*.al 
particles, wo find that we again can obtain tlie 
ecjuations — 

T = I 

N = 5 NT = I 

m 

From these results we obtain as before the laws of 
Boyle, Charles and Avrogadro. 

Again if ^ be the specific heat of the gas at 
constant volume, the quantity of heat required to 
raise a single molecule of mass m one degree will be 

a 

Thus, when a molecule is heated, the kinetic 
energy must increase by this amount. But the 
increase of temperature, which in this case is V\ is 
measured by the increase of kinetic energy of the 
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single molecule. Hence the amount of heat required 
to rfliso the temperature of a single molecule of 
gases is the same. Thus the quantity <r in is 
tlie same for all gases; or, in other words, the 
specific h(iat of a gas is inversely propottional to ^lie 
niass of its individual molecules. The density of a 
gas — since the number of molecmles piT unit volume, 
at a given pressure and temperature is the same for 
all gases — is also proportional to the niass of each in- 
dividual molecule. Thus the specific heats of all gase,. 
are inversely proportional to their densities. This 
^s the law discovered experimentally by Dulong and 
Petit to be approximately true for a large number of 
substances. 

In the next part of the paper ivlaxwell proceedod 
to determine the average number of collisions in a 
given time, and honce, laiowing the velocities, to 
determine, in terms of the size of the parti(*.les and 
their numbers, the mean free path of a particle ; the 
result so found differed somewhat from that already 
obtained by Clausius. 

Having done this he showed how, l»y mijaiis of 
(experiments on the vis(;osity of gases, the lengih of 
the mean free path could be determined. 

An illustration due to Professor Balfour Stewart 
will perhaps make this clear. Let us suppose we 
luive two trains running with uniform speed in 
o[)posite directions on parallel liiK^s, and, further, that 
the engines continue to work at the same rate, 
developing just sufficient energy to overcome the 
resistance of the line, etc., and to maintain the spewed 
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constaiik Now suppose passengers coniineiice to 
jump across from one train to the other. Each inan^ 
carries with him his own momentum, whicli is in tlie 
opposite direction to that of the train into which he 
jumps ; the result is that the momentum of each 
train is reduced by the process; the velocities of the 
two decrease ; it appears as though a frictional force 
were acting between the two. Maxwell suggests that 
a similar process will account for the apparent 
viscosity of gases. 

Consider two streams of gas, moving in opposite 
directions one over the other ; it is found that in 
each case the layers of gas near the separating sur- 
face move more slowly than those in the interior of 
the streams ; there is apparently a frictional force 
botween the two streams along this surface, tending 
to reduce their relative velocity. Maxwell’s explana- 
tion of this is that at the common surface particles 
from the one stream enter the other, and carry with 
t hem their own momentum : thus near this surfacje 
the momentum of each stream is reduced, just as the 
momentum of the trains is rediuicd by the people 
jumping across. Internal friction or viscosity is duo 
to the diffusion of momentum across this common 
surface. The effect does not penetrate far into th(j 
gas, for the particles soon aerjuire the velocity of the 
stream to which they have come. 

Now, the rate at which the momentum is diffusctl 
will measure the frictional force, and will depend on 
the mean free path of the particles. If this is consider- 
able, so that on the average a particle can penetrate a 
considerable distance into the second gas before a 
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collision tiikcs place and its ^notion is «diangod. ilic 
;vdscbsity will be considerable; if, on tlie otber linud, 
the mean free path is sina‘1, the reverst; will bo true. 
Thus it is j)()ssiblc to obtain a relaiion betv em 
the mean free path and the eoetficient, of viscv^sitj, 
and from this, if the coetKcient of vistiosity bo known, 
a value for the mean free path can bo ibund. 

Maxwell, in the paper under discussion, was the 
first to do this, and, using a value found by Professo'' 
Stokes for the coefficient of visct^sity, obtained as the 
length of the mean free path of molecules of air 
of an inch, while the number of collisions per 
second experienced by each molecule is ibund to he 
about 8,077,200,000. 

Moreover, it ap[)earod from his theory that the co- 
etticient of viscosity should be independent of the 
number of molecules of gas present, so that it is not 
altered by varying the density. This result Maxwell 
('haract crises as startling, and he instituted an elaborate 
series of experiments a few years later with a view^ ol’ 
testing it. The reason for this result will appear il’ 
Avo rcmend>or that, Avhen the dcJisity is decreased, the 
moan free path is increased ; relatively, then, to the 
total nun)her of inoleeules present, the number Avliit 1) 
eross the surface in a given time is increased. And it 
aj)pears from Maxwell ’s result that this relative in- 
crease is such that the total number crossing remains 
unchanged. Hence the momentum convc'yed across 
each unit area per second remains the same, in sjjito 
-f>f the decrease in density. 

Another consecpicmjo of the saiia; investigation is 
that the coefficient of vis(;osity is ])roportional to the 
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mean velocity ol‘ the molecules. Since the absolute 
temperature is proportional to the square of the 
velocity, it follows that the coefficient of viscosity is 
proportional to the square root of the absolut^e 
temperature. 

The second ])art of the paper deals with the 
process of diffusion of two or more kinds of moving 
particles among one another. 

If two different gases are placed in two vessels 
separated by a porous diaphragm such as a piece of 
nnglazed earthenware, or connected by means of a 
narrow tube, (Iraham had shewn that, after sufficient 
time has elapsed, the two are mixed together. 
The same process takes place when two gases 
of different density are placed together in the same 
vessel. At first the denser gas may be at the bottom, 
the less dense above, but after a time the two are 
found to lie uniformly distributed throughout. 

Maxwell attempted to calculate from his theory 
tlie rate at whi(di the diffusion takes place in those 
cases. The conditions of most of (Jraham’s experi- 
ments were too complicated to admit of direct (com- 
parison with the theory, from which it appeared that 
there is a relation between the mean free path and 
the rate of diffusion. One experiment, however, was 
found, the conditions of which could be made the 
subject oF calculation, and from it Maxwell obtained 
as the value of the mean free path in air of an 
inch. 

Tlie number was close enough to that found from 
tlie viscosity to afford some contirmation of his 
theory. 
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^ However, a few yeors later Clansins criticised the 
details of this part of the paper, and Maxwell, in his 
memoir of 1866, admits the calculation to have been 
erroneous. The main principles remainod unatfccted, 
the molecules pass from one gas to the other, and this 
constitutes diffusion. 

Now, suppose we have two sets of particles in 
contact of such a nature that the moan kinetic 
energy of the one set is diflerent from that of the 
other; the temperatures of the two will then bo dif- 
ferent. These two sets will diffuse into each other, and 
the diffusing particles will carry with them their 
kinetic energy, which wnll gradually pass from those 
which have the greater energy to those which have 
the less, until the average kinetic energy is equalised 
throughout. .But the kinetic energy of translation is 
the heat of the particles. This diffusion of kinetic 
energy is a diffusion of heat by conduction, and we 
have here the mechanical theory of the conduction 
of heat in a gas. 

Maxwell obtained an expression, which, however, 
he afterwards modified, for the conductivity of a gas 
in terms of the mean free path. It followed from this 
that the conductivity of air was only about of 
that of copper. 

Thus the diffusion of gases, the viscosity of gases, 
and the conduction of heat in gases, are all connected 
with the diffusion of the particles carrying with them 
their momenta and their energy ; while values of the 
\mean free path can be obtained from observations on 
any one of these properties. 

In the third part of his paper Maxwell considers 
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the consequences of supposing the particles not to b§ 
spherical. In this case the impacts would tend to set 
up a motion of rotation in the particles. The direction 
of the force acting on any particle at impact would 
not necessarily pass through its centre; thus by impact 
the velocity of its centre Avould be changed, and in 
addition the particles would be made to spin. Some 
part, therefore, of the energy of the particles will 
aj^pear in the form of the translational energy 
of their centres, while the rest will take the 
form of rotational energy of each particle about 
its centre. 

It follows from Maxwell’s work that for each par- 
ticle the average value of these two portions of energy 
would be equal. The total energy will be half trans- 
lational and half rotational. 

This theorem, in a more general form which was 
afterwards given to it, has led to much discussion, 
and will be again considered later. For the present 
we will assume it to be true. Clausius had already 
called attention to the fact that some of the energy 
must be rotational unless the molecules be smooth 
spheres, and had given some reasons for supposing 
that the ratio of the whole energy to the energy 
of translation is in a steady state a constant. Max- 
well shows that for rigid bodies this constant is 2. 
Let us denote it for the present by the symbol /3. 
Thus, if the translational energy of a molecule is 
I rn its whole energy is J /3 in 

The temperature is still measured by the trans, 
lational energy, or I m ; the heat depends on the 
whole energy. Hence if H represent the amount of 
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heat — mcasiirorl as energy— contained by a s' iglc 
molecule, and T its temperature, wo have — 


From this it t an bo shewn* that 1^7 ropresonb the 
ratio of the specific heat c f a gtas at famstant pressure 
to the specific lient at, constant volume, tlieu-- 

ii=. ' - . 

.S y_l 

For air and sonio other gases the value of 7 has 
boon shown to bo 1‘408. Fron' this it follows that 

* 'rho proof is as follo^vs : 

If a bo the specific lieat atcoTislant vulunio, (r'at constant ijrossurc, 
and consider a unit of mass f)f gas at pressure p and volume v, let the 
volume increase by an amount dv, while the loinporature dy. 

Thus (t' d 'r = O' d T 4* P d v 
2 T 

Dub p V =rr - — 

6 m 

Hence p being constant, 


Then -foie a' — a- -f ■ 

6 m 

Now fsupposc an amount of heat, dll, is given to a single molecule 
;tiil that its temperature is T. Its specific heat is tr, and 
u II = trindT 
Rut dll — i3dT 
TherefortJ fi z=i am 

IT 1 — 

Hmeo 

Thus = fy'^) 

Asy4 a'la ~ y 

2 

. Therefore 7 = 14 - 


3(y- 1) 
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= 1‘634. Now, Maxwell’s theory required that for 
smooth hard particles, approximately spherical in 
shape, /9 should be 2, and hence he concludes “ we 
have shown that a system of such particles could not 
possibly satisfy the known relation between the two 
specific heats of all gases.” 

Since this statement was made many more experi- 
ments on the value of 7 have been undertaken ; it is 
not equal to 1*408 for all gases. Hence the value of 
/8 is different for various gases. 

It is of some importance to notice that the 
value of /3 just found for air is very approximately 
rCG or 

For mercury vapour the value of 7 has been shown 
by Kundt to be 1*33 or 1 J, and lujiice is equal to b 
Thus all the energy of a particle of. mercury vapour is 
translational, and its behaviour in this resj)cct is con- 
sistent with the assumpt ion that a particle of mercury 
va|)Our is a smooth sphere. 

The two results of this theory which seemed to 
lend themselves most readily to experimental verifi- 
cation were (1) that the viscosity of a gas is 
independent of its density, and (2) that it is pro- 
portional to the square root of the absolute 
temperature. The next piece of work connected with 
the theory was an attempt to test these consequences, 
and a description of the experiments was published 
in the Philosophical Transactions” for 18G5, in a 
paper on the Viscosity or Internal Friction of Air 
and other Gases,” and forjiis the Bakerian lecture for 
that year. 

The first result was completely proved. It is 
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shewn that the value the coefficient^ of viscosity 
“ IS the same tor air at 05 inc^h and at 30 inuiies 
pressure, provided that t]> i teinperittur.^ remains the 
same.” 

It was clear also that the VJScosii\ depended on 
the temperature, and the results of the? experiincnls 
seeme<l to show that it was nearly j)n»portional to the 
absolute tcmj)orature. Thus for tw(.* temperatures, 
185^’ Fall, and 51^^ Fail., the ratio ef the two co- 
efficients found was l*2()'‘24; the ratio of the two 
temperatnres, ^'acli mcasiirod from absolute zero, is 
]-2G05. 

This result, then, does not agree with the hy))othesi. 
that a gas consists of spherical molocnles acting only 
on each other by a kind of impact, for, if this were so, 
the coefficient would, as wc have seen, depend on the 
square root of the absolute temperature. Ihit Max- 
well’s result, connecting viscosity with the first power 
of the absolute temperature, Inis not been confirmed 
by other investigators. According to it we should 
have as the relation between ya, the coefficient of 
viscosity at V and that at zero the e(|uation — 
jj. = ju , (1 -f .00305 t). 

Tile most recent results of Prof(‘ssor Holman 
{PhtloKitphuvl M(f(jnzine, Vol. xxi., p. 212) give — 

fx = //„ {1 + .002751 .00000034 t^}. 

And results similar to this are given by 0. E. Meyer 

* Owing to an (iTor of calculation the actual value obtained by 
iRlaxwell from thc.s(! obKcavatioiis for the cocdficiimt of vifscosity ih too 
great. More recant ohservers have found lower values than those 
given by him; the difference is thus explained. 
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Puluj, and Obermeyer. Maxwell’s coefficient *00365 
is too large, but *001 82, the coefficient obtained by 
supposing the viscosity proportional to the scpiare 
root of the temperature, would be too small. 

It still remains true, therefore, that the laws of the 
viscosity of gases cannot be explained by the hypothesis 
of the impact of hard spheres ; but some deductions 
drawn by Maxwell in his next paper from his sup- 
posed law of proportionality to the first power of the 
absolute temperature require modification. 

It was clear from his experiments just described 
that the sim])lc hypothesis of the impact of elastic 
bodies would not account for all the ])henomena 
observed. Accordingly, in 1866, Maxwell took up 
the j)roblem in a more general form in his paper on 
the Dynamical Theory of Gases,’' Phil. Trans., 1866. 

In it he considered the molecules of the gas not 
as elastic spheres of definite radius, but as small 
bodies, or groups of smaller molecules, repelling one 
another with a force whose direction always passes 
very nearly through the centre of gravity ot the 
molecules, and whose magnitude is represented very 
nearly by some function of the distance of the centres 
of gravity. “ I have made,” he continues, “ this 
modification of the theory in consequence of the 
results of my experiments on the viscosity of air at 
different temperatures, and I have deduced from 
these experiments that the repulsion is inversely as 
the fifth power of the distance.” 

Since more recent observation has shown that the 
numerical results of Maxwell’s work connecting 
viscosity and temperature are erroneous, this last 



AND MODERN yTIIOS, 1*5 

deduction does not hold , the imerse fdUi power laAV 
(»f force will not give the correct relation ]>o tween 
viscosity and ternperatu'u IMaxwell himself at a 
later date, “ On the Stresses In Rarefied Gases; Phil. 
Trans., 1S79, realised this ; but even in this last paper 
he adhered to the fiftli power law because it leads to 
an important sinipliiication in tlie ccpiations to be 
dealt with. 

The paper of ISGG is chieHy impen-tant because it 
contains for the first time the application of general 
dynaiaical methods to molecular problems. The law 
of the distribution of velocities among the molecules 
is again investigated, and a result practically identit^iil 
with that found for the elastic sjiheres is arrived at. 
In obtaining this conclusion, however, it is assumed 
tliat the distribution of velocities is uniform in all 
directions about any point, whatever actions may be 
taking place in the gas. If, for example, the tempera- 
ture is different at different points, then, for a given 
velocity, all directions are not equally probable. 
Maxwell’s expression, therefore, for the number of 
molecules which at any moment have a given velocity 
only applies to the permanent state in which the dis- 
tribution of temperature is uniform. When dealing, 
for example, with the conduction of licat, a modifi- 
cation of the cx]i)Tessioii is necessary. This Avas 
pointed out by Boltzmann.* 

In the paper of 18()(), Maxwell applies his gener- 
alised results to the final distribution of two gases 

* Studion liber das Gleichgewicht dcr lobcridifccn Kraft zwiseben 
bowegten luatoriclloii Punkton 8itz d. k, Akad Wien, Band IjVIII.j 
18G8. 
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under the action of gravity, the equilibriuni of tem- 
perature between two gases, and tlie distribution of 
temperature in a vortical column. These results are, 
as he states, independent of the law of force between 
the molecules. The dynamical causes of diffusion 
viscosity and conduction of heat are dealt with, and 
these involve the law of force. 

It follows also from the investigation that, on the 
hy})otheses assumed as its basis, if two kinds of gases 
be mixed, the difference between the average kinetic 
energies of translation of the gases of each kind 
diminishes rapidly in consc(|ucnce of the action 
between the two. The average kinetic energy of 
translation, therefore, tends to become the same for 
each kind of gas, and as before, it is this average 
energy of translation which measures the tem- 
perature. 

A molecule in the theory is a portion of a gas 
which moves about as a single body. It may be a 
mere point, a centre of force having inertia, capable 
ot doing work while losing velocity. There may 
be also in each molecule systems of several such 
centres of force bound together by their mutual 
actions. Again, a molecule may be a small solid 
body of determinate form ; but in this case we must, 
as Maxwell points out, introduce a new set of forces 
binding together the parts of each molecule : we must 
have a molecular theory of the second order. In any 
case, the most general supposition made is that a 
molecule consists of a scries of parts which stick 
together, but are capable of relative motion among 
each other. 
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111 this case tlie kinetic energy of the molecule 
consists of the energy of iis centre of gravity, togetner 
with the energy of its coni^ionent pails, relative to its 
centre of gravity * 

Now Clausius had, as v;(3 have seen, gi^en reasons 
for believing that the ratie of the wla le energy oi a 
molecule to the energy of translation of its centre of 
gravity tends to become constaiit. We have already 
used /8 to denote this constant. Thus, while the tem- 
'peraturc is measured by the average kinetic energy 
of translation of the centre of gravity of each moic- 
culo, the heat contained in a molocnie is its whole 
energy, and is y8 times this quantity. Thus the con- 
clusions as to specific heat, etc., already given on page 
130, apply in this case, and in parHcular wo have the 
result that if 7 be the ratio of the speci6c heat at 
constant pressure to that at constant volume, then — 


Maxwell’s theorem of the distribution of kinetic 
energy among a system of molecules applied, as ho 
gave it in 1860, to the kinetic energy of translation of 
the centre of gravity of each molecule. Two j c^ars 
later Dr. Boltzmann, in the paper we have already 

* Another supposition which might he made, and which is necessary 
in order to explain various actions observed in a compound gas under 
electric force, is that the parts of which a molecule is composed are 
continually changing. Thus a molecule of steam consists of two 
parts of hydrogen, one of oxygen, but a given moh'culc of oxygon is 
not always combined with the same two molecules of hydrogen ; the 
particles are continually changed. In Maxwell’s p/iper an hypothesis 
of this kind is not dealt with. 
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referred to, extended it (under certain limitations) to 
the parts of which a molecule is composed. According 
to Maxwell the average kinetic energy of the centre 
of gravity of each molecule tends to become the same. 
According to Boltzmann the average kinetic energy 
of each 2 :)art of the molecule tends to become the 
sa?nc. 

Maxwell, in the last paper he wTotc on the subject 
(‘‘ On Boltzmann’s Theorem on the Average Distri- 
bution of Energy in a System of Material Points,” 
Camb. Phil. Trans., XI 1.), took up this problem. 
Watson had given a proof of it in 1870 differing from 
Bdtzmann’s, but still limited by the stipulation that 
the time, during which a particle is encountering other 
particles, is very small compared with the time during 
which there is no sensible action between it and other 
particles, and also that the time during ivhich a 
particle is simultaneously within the distance of more 
than one other particle may bo neglected. 

Maxwell claims that his proof is free from any 
such limitation. The material points may act on 
each other at all distances, and according to any law 
which is consistent with the conservation of energy ; 
they may also L )0 acted on b}^ forces external to the 
system, provided these are consistent with that law. 

The only assumption which is necessary for the 
direct proof is that the system, if left to itself in its 
actual state of motion, will sooner or later pass 
through every phase which is consistent with the 
conservation of energy. 

In this paper Maxwell finds in a very general 
manner an expression for the number of molecules 
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AvliLch at any time liave a given velo ity, ani tiiis, 
. when simplified Ly the assumptions of the i'or* ler 
papers, reduces to the foiin olready found. He also 
sliows that the average kinetie energy coiTespce.ding 
to any one of thi? vav'ables which dehae his s>steni 
is the same for every one of the varl aides of his system. 

Thus, according to tliis theoi‘ejp., ii’ each molecule 
be a single small solid body, six Aarlablcs will be re- 
(juired to determine the position of each, three 
' variables Avill give us the position of the centre oi 
graidty of the molecule, while tlu’ce others Avill detcT- 
mine the position of the bodj^ rfdaoive to its centre of 
gravity. If the six variables bo properly chosen, the 
kinetic energy can be expressed as a sum of six 
squares, one square corresponding to cac.h variable. 
According to the theorem the jiart of the kinetic 
energy depending on each square is the same. Thus, 
the whole energy is six times as great as that which 
arises from any one of the variables. The kinetic 
energy of translation is three times as great as that 
arising from each variable, for it involves tlie three 
variables which dcterniiiie the position of the centre 
of gravity. Hence, if we dcuoto by K the kinetic 
energy due to one Wkriable, the Avhole energy is 0 Iv, 
and the translational energy is 3 K ; thus, lor this 


case — 


/3 


G K 
3 K 


Or, again, if we suppose that the molecule is such that 
771 variables are required to determine its position 
relatively to its centre of gravity, since 3 arc 
needed to fix the centre of gravity, the total number 
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of variables defining the position of the molecule is 
m + 3, and it is said to have m-^S degrees of freedom. 
Hence, in this case, its total energy is (777H-3) K and 
its energy of translation is 8 K, thus we find — 


2 2 

Hence y = 1 -f - . = 1 -f * 

' ' -f .5 n 

if n 1)0 the number of degrees of freedom of the 

molecule. 

Thus, if this Boltzmann- Maxwell theorem be true, 
the specific heat of a gas will depend solely on the 
number of degrees of freedom of each of its molecules. 
For hard rigid bodies wc should have n equal to G, 
and hence 7=1*333. Now the fiict that this is not 
the value of y ibr any of the known gases is a 
fundamental difficulty in the Avay of accepting the 
complete theory. 

Boltzmann has called attention to the fact that if 
n be equal to five, then 7 has the value 1*40. And this 
agrees fairly with the value found by experiment for 
air, oxygen, nitrogen, and various other gases. We 
will, however, return to this point shortl^^ 

There is, perhaps, no result in the domain of 
physical science in recent years whi(;h has been more 
discussed than the two fundamental theorems of the 
molecular theory which we owe to Maxwell and to 
Boltzmann. 

The two results in question are (1) the expression 
for the number of molecules which at any moment 
will have a given velocity, and (2) the proposition 
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that tlio kinetic enerj/y is uiliinatoly equally divT^led 
among all thu variables which determine the syste m. 

With regard to (1) Maxwell showed that his error 
law was one possible condition of porTnancnco. If at 
any moment the velocities are distrib )red according 
to the error law, tliat distribution w^'Il be a permanent 
one. Ho did not prove that such a distribution is (he 
only one which can satisfy all the conditions of the 
problem. 

Tlic proof that this law is a necessary, as Avell ar a 
sufficient, condition of permanence was lirst given by 
Boltzmann, for a single monatomic gas in 1872, for a 
mixture of such gases in 1880, and for a polyatomic gas 
in 1887. Other proofs have been given since by Watson 
and Burbury. It would be quite beyond the limits of 
this book to go into the question of the completeness 
or sufficiency of the proofs. The discussion of the 
question is still in progress. 

The British Association Beport for 1894 contains 
an important contribution to the question, in the 
shape of a report by Mr. G. H. Bryan, and the dis- 
cussion he started at Oxford by reading this report 
has been continued in the pages of Nature and else- 
where since that tim(\ 

Mr. Bryan shows in the first place what may bo 
the nature of the systems of molecules to which the 
results will apply, and discusses various points ot 
difficulty in tlie proof. 

The theorem in (jucstion, from which the result (1) 
follows as a simple deduction, has been thus stated by 
T)r. Larmor.* 

* Nature^ vol. 1., 1>. 152 (Dec-ernljor 13th, 1894). 
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There exists a positive function belonging to a 
group of molecules which, as they settle themselves 
into a steady state — on the average derived from a 
great number of configurations — maintains a steady 
(lownward trend. The Maxwell-Boltzmann steady state 
is the one in which this function has finally attained 
its minimum value, and is thus a unicpic steady state, 
it still being borne in mind that this is only a pro- 
position of averages derived from a great number of 
instances in which nothing is conserved in encounters, 
except the energy, and that exceptional circumstances 
may exist, comparatively very few in number, in 
which the tn^nd is, at any rate, temporarily the 
other way.” 

This theorem, when applied to eases of motion, 
such as that of a gas at constant temperature en- 
cilosed in a rigid envelope impermeable to heat, 
appears to be })rovcd. For such a case, therefore, 
the Maxwell-Boltzmann law is the only one possible. 

But whether this be so or not, the law first intro- 
duced by Maxwell is one of those possible, and the 
advance in molecular science duo to its introduction 
is enormous. 

We come now to the second result, the equal 
partition of the energy among all the degrees of 
freedom of each molecule. Lord Kelvin has pointed 
out a flaw in Maxwell’s proof, but Boltzmann showed 
{Philosophical March, 1893) how this flaw 

can easily bo corrected, and it may be said that in all 
cases in which the Boltzmann-Max well law of the 
distribution of velocities holds. Maxwell’s law of the 
equal partition of energy holds also. 
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Threo cases are considered ))y Mr. Bryau, in wliivh 
•the law of distribution mils for ri|Ldd molecules: *he 
first is when the .molecules have all, in addition to 
their velocities of agitation, a comioou velocity of 
translation in a fixed direction ; the seen,; 1 is wIk^ii the 
gas has a motion of uniform I'otath'U abo!it a rixed 
axis; while the third is when <'aeh moicciile has an 
axis of symnieiry. In (his last ease tlie forces actiiig 
during a collision necessarily piC s through the axis 
of symmetry, the angular velocity, thcjerorc, of any 
molecule about this axis remains constant, the 
number of molecules having a given angular velocity 
will remain the same througliout the motion, and the 
part of the kinetic energy which depends on this 
component of the motion will remain fixed, and will 
not come into consideration when dealing witli the 
c(|ual partition of the energy among the various 
degrees of freedom. 

Such a inoloeiilc has five, and not six, dogioos of 
freedom; three (]iian titles are needed to determine tlio 
position of its centre of gravity, and two to fix the 
position of the axis of symmetry. 

In this case, then, as Boltzmann points out, in the 
expression for the ratio of the specific heats, we must 
have 11 ccpial to 5, and hence 

y = 1 -h = 14-7 = h i 

/t •) 

agreeing fairly wdth the value found for air and 
various other permanent gases. 

For cases, then, in which wo consider each atom 
as a single rigid body, the Boltzmann - Maxwell 
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theorem appears to give a unique solution, and the 
Maxwell law of the distribution of the energy to be 
in fair accordance with the results of observation * 

If we can never go further — and it must bo 
admitted that the difficulties in the way of further 
advance are enormous — it may, I think, be claimed 
for Maxwell that the progress already made is greatly 
due to him. Both these laws, for the case of elastic 
spheres, are contained in his first paper of 1860 ; 
and while it is to the genius of Boltzmann that we owe 
their earliest generalisation, and in particular the 
proof of the uniqueness of the solution under proper 
restrictions, Maxwell’s last paper contributed in no 
small degree to the security of the position. Not 
merely the foundations, but much of the super- 
structure of molecular science is his work. 

The difficulties in the way of advance are, as we 
have said, enormous. Boltzmann, in one of his papers, 
has considered the properties of a complex molecule 
of a gas, consisting maybe of a number of atoms 
and possibly of ether atoms bound with them, and he 
concludes that such a molecule will behave in its 
progressive motion, and in its collisions with other 
molecules, nearly like a rigid body. But to quote 
from Mr. Bryan : “ The case of a polyatomic mole- 
cule, whose atoms are capable of vibrating relative 
to one another, affords an interesting field for investi- 
gation and speculation. Is the Boltzmann distribu- 
tion still unique, or do other permanent distribu- 
tions exist in which the kinetic energy is unequally 
divided ? ” 

See papers by Mr. Capgtick,’r/ti?. Trans , vols. 185-18'3. 
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Again, the spectrosc< pc n vcals to us vibrations 
ot tlio ether, wbioh are coiiucctod m sonic wity with 
the vibrations of the iooleen!esof gas, whose spect' im 
Ave are observing It seems clear Iha^ Ui:; law of 
equal partitiini docs not apply rhnse, an^l yet, 
if we are to suppose that the <‘tl cr vllaations arc 
due to actual vibrations of the atoms which coi • 
stituto a molecule, why does it )i.ot apply ? Where 
iloos the condition come in wliich leads tc failure in 
the proof ? Or, again, is it, as has been suggested, the 
fact that the complex spectrum of a gas represents 
the terms of a Fourier Series, Into which some 
elaborate vibration of the atoms is resolved by the 
ether ? or is the spectrimi duo simply to electro- 
magnetic vibrations on the surface of the molecules 
— vibrations whose period is determined chietly by the 
size: and sbape of the molecule, but ii; which the 
atoms of which it is comjiosed take part ? There are 
grave dilficulties in the way of eithev of thesis (^x- 
jilanat ions, but we must not let eiir dread of the task 
which remains to l>e done blind our eyes to the great- 
ness of Maxwell's \vork. 

< hie other important paper, and a mimber of 
shorter articles, remain to be njention(‘d. 

Tlic Boltzmann- Maxwell law applies only to cases 
in which the temperature is uniform throughout. In 
a paper published in the Idiilosophical Transactions 
for 1H79, on “ Stresses in llarefied Gases Arising from 
Inequalities of Temperature,’’ Maxwell deals, among 
other matters, with the theory of the radiometer. He 
shows that the observed motions will not take place 
unless gas, iu contact with a solid, can slide along 
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the surface of the solid with a finite velocity between 
places where the temperature is difl'erent ; and in an 
appendix he proves that, on certain assumptions re- 
garding the nature of the contact of the solid and 
the gas, there will be, even when the pressure is con- 
stant, a flow of gas along the surface ifoin the colder 
to the hotter parts. 

Among his less imjjortant pajiers bearing on 
molecular theory must be mentioned a lecture on 
“ Molecules ” to the British Association at its Bradford* 
meeting ; Scientific Papers of Clerk Maxwell,” vol. ii., 
p. 801 ; and another on “ The Molecular Constitution 
of Bodies,” Scientific Papers, vol. ii., p. 418. 

In this latter, and also in a review in Nature of 
Van dor Waafs book on ‘‘The Continuity of the 
Gaseous and Liquid States,”* he explains and dis- 
cusses flausius* virial equation, by means of which 
the variations of the permanent gases from Boyle’s 
law are explained. The lecture gives a clear account, 
in Maxwell’s own inimitable style, of the advances 
made in the kinetic theory up to the date at wliich it 
was delivered, and puts clearly the difficulties it has 
to meet. Maxwell thought that those arising from 
the known values of the ratio of the specific licats 
were the most serious. 

In the articles, “Atomic Constitution of Bodies” 
and ‘‘ Diffusion,” in the ninth edition of the Eu cyclo- 
paedia Britan nica, wo have Maxwell’s later views on 
the fundamental assumplions of the molecular theory. 

The text-book on “Heat” contains some further 
developments of the theory. In particular he shows 

* Nature, vol. x. 
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how the conclusions of the second law of thermo dyna- 
mics are connected with the fact that tl^e coarseness 
of our faculties >vill not pUow us to ^rrapple with 
individual molecules. 

The work described in tlio foregoing chapters 
would have been sufticienr to secur.i to Maxwcli a 
distinguished place among tliosc vdio have advanced 
our kuowleilgo ; it remains st ill to describe his greatest 
work, his theory of Electricity ainl Magnetism, 



.lAMES CLEJIK MAXWELL 


U<S 


CHAPTER IX. 

SCIENTIFIC WORK. — EJ.ECTRICAL THEORIES. 

Clerk Maxweli.’s lirst electriciil — that on 

Faraday’s “Lines of Force’’ — was read to the Cam- 
bridge Philosophical Society on December 10th, 1855, 
and Part II. on February 11th, 1856. The author 
was then a Bachelor of Arts, only twenty-three years 
in age, and of less than one year’s standing from the 
time of taking his degree. 

The opening words of the paper are as follows 
(Scientific Papers, vol. i., p. 155): — 

“Tlie present state of ele<*trieal science seems peculiarly 
uiifavoiinible. to speculation. I'lic laws of the distribution of 
(‘budricity on tin', surfac(i of conductors have ])een analytically 
(h^diiced from cxpiiriincnt ; soiin; ]>arts of the ina.theniati<*}d 
theory of magnetism are established, while in other ]>arts the 
ex])erimentai data are wanting; the theory of the conduction 
of galvanism, and that of the mutual attraction (»f conductors, 
hav() been reduced to mathematical formula^ but have not 
fallen into relation with the other ])arts of the scii'nce. No 
(‘lectrical theory can iiow be put forth, unless it shows the 
connection, not only between electricity at rest ai\il current 
electricity, but between the attractions and inductive effects of 
electricity in both states. Such a theory must accurately 
satisfy those laws, the mathematical form of which is known, 
and must afford the means of calculating the effects in the 
limiting cases where the known formuhe are inaj>plicable. In 
order, therefore, to appreciate the requirements of the science, 
the student must make himself familiar with a consider- 
able body of most intricate matliematics, the mere retention 
of which in the memory materially interferes with further 
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prof^resK. The firnt i)rocess, therefore, in tlie jflectnal Btady 
of the science, must be one of simplification and reduction of 
the results of previous investigation to a form in which the 
mind can grasp them. The results of this si n i pi ifi cation juay 
take the form ot a purely mathematical formula or of a pli;, sical 
hypothesis. In the first case avc r;nti»*ely lose sight of the 
phenomena to be cx]>l.tined ; and though wc ma}" trace out 
the consequences of given laws, we can never obtain more 
extended views of the couuectiv>!i.s of the sul\ject. If, on die 
oilier hand, we adopt a physical hypoilicsis, we see the 
jiheiiomena only through a. meuium, and are liable to thi t 
blindness to facts and rashness in assumption wljich a partial 
explanation encourages. VVe must tlicrofore «liscover some 
method of investigation which allows 11 h> mind at every step 
to lay hold of a clear physical conception, without being com- 
mitted to any theory founded o»i th(5 physical science from 
v/hich that conception is borrowed, so that it is neither drawn 
aside from the subj(;ct in pursuit of analytical subtleties, nor 
carried beyond the trutli by a favourite hypothesis. 

“In order to obtain physical ideas without adopting a 
])hysical theory we must make ourselves familiar with the 
existence of physical analogies. ]>y a physical analogy I 
mean that ])artial similarity hetwcon the lav’s of one science 
and tliosc of another wliich makes each of them illustrate the 
other. Thus all the mathematical sciences are founded on 
relations between i»hysical laws and laws of numbers, so that 
the aim of exact science is to rcduc^e the problems of Nature to 
the determination of (piantities by operations with members. 
Passing from the most universal of all analogies to a very 
partial one, we find the same resemblance in mathematical 
form between two ditlerent idieuomciia giving ri^e to a 
jiliysical theory of light. 

“ The changes of direction which light undergoes in passing 
from one medium to another are identical with the deviations 
of the ])ath of a particle in moving through a narrow sjiace in 
which intense forces act. This analogy, which extends only to 
the direction, and not to the velocity of motion, was long 
believed to be the true explanation of the refraction of liglit ; 
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and we still find it useful in the solution of certain problems, 
in wliich we employ it without danger as an artificial method. 
1'iic other analogy, between light and the vibrations of an 
elastic medium, extends much farther, but, though its import- 
ance and fruitfulness cannot be over-estimated, wo must 
recollect that it is founded only on a resemblance in form 
between the laws of light and those of vibrations. By stripping 
it of its physical dress and reducing it to a theory of ‘ transverse 
alternations,’ we might obtain a system of truth strictly founded 
on observation, but probably deficient both in the vividness of 
its conceptions and the fertility of its method. I have said 
thus much on the disputed questions of optics, as a ])reparation 
for the discussion of the almost universally admitted theory of 
attraction at a distance. 

We have all acijuired the mathematical conception of these 
attraction.s. We can reason about them and determijie tlndr 
apjiropriato forms or formula'. These formula' liave a <listin(*t 
matlicimitical significance, and their results are found to be in 
accordance with natural phenomena. There is no formula in 
applied mathematics more consistent with Nature than the 
formula of attractions, and no theory better established in the 
minds of men than that of the action of bodies on one another 
at a distance. The laws of the conduction of heat in uniform 
media api)car at first sight among the most different in their 
physical relations fiom those relating to attractions. Tlio 
quantities which enter into them are taniiemture, flow ofheaU 
rondurtiritf/. The word forve is foreign to the subject. Yet 
we find that the mathematical laws of the uniform motion of 
heat in lioinogeneous media are identical in form with those of 
attractions varying inversely as the square of the distance. Wo 
have only to substitute sourer of hrut for crutre 
^tow of lira t for occrlevatuifi rflect of ottrarUon at any ])oint, 
and tempi raiurv for potentluly and the solution of a })robk*ni in 
attractions is transformed into that of a luoblcm in heat. 

“This analogy between theformuhe of heat and attraction 
was, I believe, first pointed out by Professor AVilliam Thomson 
in the Camhrlifje Mofhematical Journoly Vol. III. 

“Now the conduction of heat is supposed to proceed by an 
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action between contiguous parts of a meJium, while the force 
of attraction is a relation between Jistant bod is, snd yet. if 
we knew nothing more than is expressed in the inathemalical 
formulsCj there would be nothing to distinguish between the 
one set of phenomena and the other. 

‘‘ It is true that, if we introduce other considerations and 
observe additional fads, the two subjects will assume very 
different aspects, but the mathematical resemblance oi* some of 
their laws wull remain, and may still be made useful in exciting 
appropriate mathematical ideas. 

“It is by the, use of analogies of thi* kind that I have at- 
tempted to bring before the mind, in a convenient and manage- 
able form, those mathematical ideas which arene<'es3ary to th.. 
study of the ])henomena of electricity. The methods are gener- 
ally those suggested by the jirocesses of reasoning which are 
found in the researches of Faraday, and which, though they 
have been inter] )reted mathematically b}^ Professor Thomson 
and others, are very generally supI>o^.cd to ))0 of an indefinite 
and unmatheinatical character, when comiiared with those 
employed by the professed mathematicians, lly the method 
which I adopt, I hope to render it evident that I am not 
alteni])ting to establish any jiliysical theory of a science in 
which T have hardly made a single experiment, and that the 
limit of my design is to show Jiow, by a strict apjilieation of 
the ideas and methods of Faraday, the connection of the very 
different t»rders of plicnoiucna which he has discovered may be 
clearly placed before the mathematical mind. I shall therefore 
avuid as much as 1 can the introduction of anything which does 
not serve as a direct illustration of Faraday’s methods, or of 
the mathematical deduction.s which may be made from them. 
In treating the simpler jiartsof the. subject [shall use Faraday’s 
mathematical methods as well as his ideas. Wlion the com- 
]»lexity of the subject requires it, I shall use analytical notation, 
still confining myself to the develoi>ment of ideas originated by 
the same j)hilosoi)her. 

“I have in the first place to explain and illustrate the idea 
of ‘ lines of force.’ 

When a body is electrified in any manner, a small body 
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churned with positive electricity, and placed in any given 
])0.dti()n, will experience a force urging it in a certain direction. 
If the small body be now negatively electrified, it will be urged 
by an equal force in a direction exactly opposite. 

“ The same relations hold between a magnetic body and the 
north or south polos of a small magnet. If the north pole is 
urged in one direction, the south pole is urged in the opposite 
direction. 

“ In this way Ave might find a line passing through any 
point of space, such that it represents the direction of the force 
acting on a positively electrified particle, or on an elementary 
north pole, and the reverse direction of the force on a negatively 
electrified i)article or an elementary south pole. Since at every 
point of space such a direction may be found, if avc commence 
at any point and draw a line so that, as we go along it, its 
dinudion at any ]»oint shall always coincide with that of the 
resultant force iit that point, this curve will indicate the 
direction of that force for every point through whi(di it passes, 
and might be called on that account a line of force. We might 
in the same way draw other linos of force, till we had filled all 
space Avitli curves indicating by their direction that of the force 
at any assigned i)oint. 

“We should thus obtain a geometrical model of the physical 
phenomena, which would tell us the direction of the force, but 
we should still require some method of indicating the intensity 
of the force at any point. If we consider these curves not as 
mere lines, but as fine tubes of variable section carrying an 
incompressible fluid, then, since the velocity of the fluid is 
inversely as the section of the tube, we may make the velocity 
vary according to any given law, by regulating the section of 
the tube, and in this way we might represent the intensity of 
the fori,*e as well as its direction by the motion of the fluid in 
these tubes. This method of representing the intensity of a 
force by the velocity of an imaginary fluid in a tube is 
applicable to any conceivable system of forces, but it is 
capable of great siniplification in the case in wdiich the forces 
arc such as can be explained by the hypothesis of attractions 
varying inversely as the square of the distance, such as those 
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(>l).>erved in electrical and magnetic phenomena In the c'lso 
•of a perfe^'tly arbitrary aysteni of forces, there will genendly bo 
interstices between the tubes ; l»ut in the case of electric and 
magnetic forces it is ixwsible tv, arrange the tubes so as to 
leave no interstices. The tubes will then be in^re surh cos, 
directing the motion of a fluid filling u,> the wuole space. It 
has been usual to commence the iiivcstigatron of the laws of 
these forces by at once assuming that the plumomena are due 
to attractive or repulsive forces a< ting between certain poin^ 3 . 
We may, however, obtain a different view of the subject, and 
,one more suited to our more difficult inquiries, by adopting fo** 
the definition of the lorccs of which we treat, that tiieymay be 
represented in magnitude and direction by the uniform motion 
of an incompressible fluid. 

“I propose, then, first to describe a method by which the 
motion of such a fluid can be clearly conceived ; secondly to 
trace the consequences of assuming certain conditions of 
motion, and to jioint out the application of the method to 
some of the less complicatcfl jffienomena of electricity, 
magnetism, and galvanism ; and lastly, to show how by an 
extension of these methods, and the introduction of another 
idea due to Faraday, the laws of the attractions and iiid active 
actions of magnets and currents may bo cl ^arly conceived, 
without making any assumptions as to the physical nature of 
electricity, or adding anything to that which has been already 
proved by exj)erimcnt. 

“ By referring everything to the purely geometrical idea of 
the motion of an imaginary fluid, I hope to attain generality 
and precision, and to avoid the dangers arising from a i)r*' 
mature theory iirofessing to explain the cause of the 
j)lienomena. If the results of mere speculation which 1 have 
collected are found to be of any use to ex])criiuental jdiilo- 
so])hcrs, in arranging and interpreting their results, they will 
have served their purpose, and a mature theory, in which 
physical facts will be physically explained, will be formed by 
those who by interrogating Nature herself can obtain the only 
true solution of the (luestions which the mathematical theory 
suggests.” 
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The idea was a bold one : for a youth of twenty- 
three to explain, by means of the motions of an* 
incompressible fluid, some of the less complicated 
])honomena of electricity and magnetism, to show how 
the laws of the attractions of magnets and currents 
may be clearly conceived without making any as- 
sumption as to the pll 3 ^sical nature of electricity, or 
adding anything to that Avliich has already been 
])roved by experiment. 

It may be useful to review in a very few words’ 
the position of electrical theory* in 1855. 

Coulomb’s exjK'rimcnts had established the funda- 
meiitjil hicts of (‘lect rostati(*< attraction and n^piilsion, 
and (A)ulomb bimself, about .1785, had stated a tbeory 
based on these experiments Avhich v.ould “ only bo 
attack(‘d by proving his experimental results to bo 
inaceurate.”t 

('oulomb supposes the existence of two electric 
fluids, the theory developed previously by Franklin, 
but says — 

“Jo proviens pour inettre la thdorio (pii va suivre a Tabri 
do toiito (liispiito systomatupio, <pio dans la sui'pu.dlion de 
deux fluides eloctriquo.s je n’ai autre iiitontioii quo de presenter 
avec lo moiiis d'olomeiits ]>o.ssiblo los rosultats du calcul et 
de rexp6rienco, ot non dindiquer los voritubles causes do 
rolectrioit^.” 

Caveu<lish was working in England about the 
same time as Coulomb, but he published very little, 

An histctrifjd account of tho dcvcloijnicnt of tliu science of 
clocLiicity will be found in the article ‘‘Electricity” in the EneyvU- 
JiritKiUiica, ninth edition, by Erofessur Clirystal. 

t Thomson (I^onl Kelvin}, “Papers on Electrostatics and IMag- 
nctisin, ’ p. L'i. 
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and tlie value and importance his worlv not 
recognised until the a}.penranco in 1879 of the 
'‘Electrical Kesearches of Henry Cavendish,” edited 
by Clerk Maxwell. 

Early in the p}*esenr century the a, v^dluition of 
mathematical analysis to electri(.-al p:’ol>lems was 
begun by Laphme, who investigated tiio distribution 
of electricity on spheroids, and about 181 L Poisson's 
great work on the distribution of electricity on two 
‘spheres placed at any given distance apa.twas pub- 
lished. Meanwhile the properties of the electric 
current were being investigated. Galvanrs discovery 
of the muscular contraction in a frog's leg, caused by 
the contax^t of dissimilar metals, was madc^ in 1790. 
Volta invented the voltaic pile in 1800, and Oersted in 
1820 discovered that an electric urrent produced 
magnetic force in its noighhourhood. On this Ampere 
laid the foundation of his theory of (‘lociro-dynamics, 
in which he showed how to calculate the forces be- 
tween circuits (jarrying currents from an assumed law 
of for(^e between each pair of elements of the circuits. 
His experiments proved that the consc(|uences which 
follow from this law arc consistent with all the 
observed facts. They do not prove that Ampere’s law 
alone can explain the facts. 

Maxwell, Avritiiig on this sulyert in the Electricity 
an 1 .Magnetism,” vol. ii., p. 102, says — 


“Till* expcninenlal iiivcslitration ])y which Ampcic estab- 
lished the laws of the iiiechaiiical action between electric 
carrents is one of the most brilliant achievements in science. 

“The whole, tlieory and experiment, seems as if it had 
leaped full grown and full armed from the brain of the 
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‘ Newton of Electricity.’ It is perfect in form and unassail- 
al»le in accuracy, and it is summed iij) in a formula from 
which all the phenomena may be deduced, and which must 
always remain the cardinal formula of electro-dynamics. 

“The method of Ampere, however, though cast into an 
inductive form, does not allow us to trace the formation of the 
ideas which guided it. We can scarcely believe that Ampere 
really discovered the law of action by means of the exi)eri- 
ments which he describes. We are led to suspect, what, indeed, 
he tells us himself, that he discovered the law by some process 
which he has not shown us, and that when he had afterwards 
built up a i>crfcct demonstration, he removed all traces of the 
scaffolding by which he had built it.” 

The exporiinoiital evidence for Ampere’s theory, 
so far, at least,, as it was possible to obtain it from 
exporiin(‘uts on closed circuits, w’as rendered unim- 
peachable by \V. AVeber about 1(S4(), while in the 
previous year (Irassman and ¥, K. Neumann both 
published laws for the attraction between two elements 
of current which differ from that of Ampere, but lead 
to the same result for closed circuits. In a paper 
published in 1(S4G Weber announced his hypothesis 
connecting together electrostatic and electro-dynamic 
action. In this paper he supposed that the force 
Ixitween two particles of electricity dc[)cnds on the 
motion of the particles as well as on their distance 
apart. A somewhat similar theory was ])roposed by 
Uauss and published after his diMitli in his collected 
works. It has been shown, however, that Gauss’ 
theory is inconsistent with the conservation of energy. 
Welxn* s theory avoids this inconsistency and leads, lor 
closed circuits, to the same results as Ampere. It has 
been proved, however, by Von Heliidioltz, that, under 
certain circumstances, according to it, a body would 
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beliave as though its mass wero regati/o — it would 
•move in a direction opposite to that of the ibree.'^ 
Since 184() many other theories have been pro- 
posed to explain Ampere's la^vs. Meanwhik*, in 18'M . 
Faraday observed that under certain cirerTu stances a 
wire carrying a current could he kept ir continuous 
rotation in a magnetic field by the acdou between the 
magnets and the current. Jii 1824 Arago observed 
the motion of a magnet caused by rotating a copper 
disc in its neighbourhood, while in 18S1 Faraday 
began his experiiiiental rcsearchcsiiito electro-magnetic 
induction. About the same period Joseph Henry, of 
Washington, was making, independently of Faraday, 
experiments of fundamental importance on electro- 
magnetic induction, but sufficient attention was not 
called to his work until comparatively recent years. 

in 1833 iiOnz made some important researches, 
which led him to discover the connection between the 
direction of the indneed currents and Ampere's laWsS, 
summed up in his rule that the direction of the 
induced ciirrcmt is always such as to oppose hy its 
electro-magnetic action the motion which induces it. 
In 1845 F. F. Neumann dcvel()[)cd froiri this law 
the mathematical theory of electro-iiiagnetic induction, 
and about the same time W. Weber showed bow it 
might be deduced from his elementary law of 
electrical action. 

The great name of Von Helmholtz first appears in 
connection with this subject in 1851, but of his 
writings we shall have more to say at a later stage. 

* J. J. Thomson, B.A., lioport, 1885, pp. 109, 113, Report on 
Electrical Theories, 
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Meanwhile, during the same period, various 
writers, Murphy, Plana, Charles, Stiirin, and Gauss, 
extended Poisson’s work on electrostatics, treating the 
questions which arose as problems in the distribution 
of an attracting fluid, attracting or repelling according 
to Newton’s law, though here again the greatest 
advances were made by a self-taught Nottingham 
shoemaker, George Green by name, in his paper On 
the Application of Mathematical Analysis to the 
Theories of Electricity and Magnetism,” 1828. 

Green’s researches. Lord Kelvin writes, “ have led to 
the elementary proposition which must constitute the 
legitimate foundation of every perfect mathematical 
structure that is U) be made from the materials fur- 
nished by the experimental laws of Coulomb.” 

Green, it may be remarked, was the inventor of 
the term Potential. IJis essay, however, lay neglected 
from 1828, until Lord Kelvin called attention to it in 
1845. Meanwhile, some of its most important results 
liad been re-discovered by Gauss and Charles and 
Thomson himself. 

Until about 1845, the experimental work on which 
those mathematical researches in electrostatics were 
based was that of Coulomb. An elec trifled body is 
supposed to have a charge of some imponderable fluid 
“ cleetj-icity.” Particles of electricity repel each other 
according to a certain law, and the fluid distributes 
itself in equilibrium over the surface of any charged 
conductor in accordance with this law. There are on 
this theory two opposite kinds of electric fluid, positive 
and negative, two charges of the same kind repel, two 
charges of opposite kinds attract : the repulsion or 



AND MODERN rilYSTCS. 


150 


attraction is proportional to the product of iie charges, 
and inversely proportii^nal to the snjiare of lb - 
distance between them. 

The action between two charges is action a. a 
distance taking p]a( (i acr(*ss the space whiv i\ separates 
the two. 

Earada}^, In 1807, in tlie eleventh series of his 
“ Ex])eriiu(‘ntal lleseaic^H'S,” pablished his first papoi 
on ‘ Klec-troshttu* Induction” lie showed --as indeed 
Cavendish had proved long previously, inongli the 
result reniaiued iin])ubli.shed — that the force between 
two chargt-d bodies will depend on the insulating 
niediiiin which surrounds them, not merely on their 
shape and position. Induction, as he expresses it, 
takes place along curved lines, and is an action of 
contiguous particles ; these curved lines he calls the 
“ lines of foi’ce.” 

Discussing those researches in 1845, Lord Kelvin 
writes* 

“Mr. Faraday's nsseaivlies . . . were undertaken with a 
vkov to test an idea which lie had long possessed that the 
foivc'. of attiactioii and re])ulsi()h cxerci.sed ]>y free electricity 
are not the resultants of actions exercised at a distance, hut are 
l>rop;ig:ited hy means of molecular action among the con- 
tiguous particles of the insulating medium surrounding the 
electrified bodies, wliicli he therefore calls the dielectric. Ly 
this idea lie has liccii led to some very remarkable vie^vs uju.m 
induction, or, in fact, upon electrical .action in general. As it 
is impossible that tlie jdienoracna observed by Faraday can he 
incoiniiatible witli the results of experiment which constitute 
Coulomb’s theory, it is to he expected that the difference of 
his ideas from those of Coulomb must arise solely from a 
different method of stating and interpreting physically the 
* Tapors on “ Electroistatks," etc., p. 2G. 
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same laws ; and fiirtlier, it may, I think, be shown that either 
method of viewing this subject, when carried sufficiently far, 
may be made the foundation of a mathematical theory which 
would lead to the elementary principles of the other as conse- 
quences. This theory would, accordingly, be the expression of 
the ultimate law of the phenomena, independently of any 
physical hypothesis w’e might from other circumstances be led 
to adopt. That there are necessarily two distinct elementary 
ways of viewing the theory of electricity may be seen from the 
following considerations. . . 

In the pages Avliich follow. Lord Kelvin develops' 
the consequences of an analogy between the conduc- 
tion of heat and electrostatic action, which he had 
pointed out three years earlier (1842), in his paper on 
“ The Uniform Motion of Heat in Homogeneous Solid 
Bodies,” and discusses its connection with the mathe- 
matical theory of electricity. 

The problem of distributing sources of heat in a 
given homogeneous conductor of heat, so as to pro- 
diu'o a definite steady temperature at each point oi 
the (iondnetor is shewn to be m<ff/u*m(tt!r(dli/idei\i\ciil 
witli that of distributing electricity in equilibrium, so 
as (.0 produce at each point an electrical potential 
having the same value as the temperature. 

Thus the fundamental laws of the conduction of 
heat may be made the basis of the mathematical 
theory of electricity, but the physical idea which 
they suggest is that of the propagation of some effect 
by means of the mutual action of contiguous particles, 
rather than that of material particles attracting or 
repelling at a distance, which naturally follows from 
the statement of Coulomb’s law. 

Lord Kelvin continues: — 
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“ All the view's which Faraday i,<as brought forward ar.d 
illustrated, as demonstrated l)> exj eriiuent, lead to this mcth<‘ ’ 
of establishing the mathematical tlioory, and, as far as the 
analysis is concenn d, it would in most (fenernl })ronositions be 
more simple, if pos*^iblo, than that of Coulomb. Of course lbs 
analysis of pat tivulin' problems noiil<l be- ideuticid in the tno 
methods. It is thus that Faraday \rrives at akin^wicdgoof 
some of the most important of the inatiiemalical theorems 
which from thc’r nature seemed dc lined never to be perceived 
excc[)t as mathematical truths.'^ 

Lord Kelvin’s papers on “'riic Mathematical 
Theory of Electricity,’’ piihlhshul from 1848 to 1850, 
his “Propositions on the Theory of Attraction” 
(1842), his “Theory of Electrical Images” (1847), 
and his paper on “The Mathematical Theory of 
Miignetisni ” (1849), contain a stamment of the most 
important results achieved in t! o mathematical 
sciences of Llcctrostaticjs and Magnetism up to the 
tiuje of Maxwell’s first. paj)er. 

The opening senleuce.s of that paper have already 
Ixum ipioted. In the ju'cfaco to the ‘ Electricity and 
Magnetism ” Jlaxwell writes thus : — 

“ llcfore I began the study of electricity I resolved to read 
no niathemjitics on the subject till 1 had first read through 
‘ Exjicrimental Jlesearclies on Electricity.’ I was tiwarc that 
there was supposed to be a difference between Faraday’s way 
of conceiving phenomena and that of the mathematicians, so 
that neither he nor they were satisfied with each other’s 
language. I had also the conviction that this discrepancy did 
not arise from either party being w'rong. I was first convinced 
of this by Sir William Thomson, to whose advice and assist- 
ance, as well as to his published papers, I ow^e most of what I 
have learned on the subject. 

“As I proceeded with tlie study of Faraday, I perceived 
that his method of conceiving the phenoaiena was also a 
K 
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matlieinatical one, though not exhibited in the conventional 
form of mathematical symbfjs. I also found that these 
methods were capable of being expressed in the ordinary 
mathematical forms, and thus compared with those of the pro- 
fessed mathematicians. 

“For instance, Faraday, in his mind’s eye, saw lines of 
force traversing all space where the mathematicians saw 
centres of force attracting at a distance. Faraday saw a 
medium where they saw nothing but distance. Faraday 
sought the seat of the phenomena in real actions going on in 
the medium. They w’ere satisfied that they had found it 
in a power of action at a distance impressed on the electric 
fluids.” 

Now, Maxwell saw an analogy between electro- 
statics and the steady motion of an incompressible 
fluid like water, and it is this analogy which he develops 
in the first part of his paper. The water flows along 
definite lines ; a surface which consists wholly of such 
lines of flow will have the property that no water ever 
crosses it. In any stream of water we can imagine a 
number of such surfaces drawn, dividing it up into a 
scries of tubes; each of these will be a tube of flow, each 
of these tubes remain always filled with water. Hence, 
the quantity of water which crosses per second any 
section of a tube of flow perpendicular to its length is 
always the same. Thus, from the form of the tube, 
we can obtain information as to the direction and 
strength of the flow, for where the tube is wide the 
flow will bo proportionately small, and vice versa. 

Again, we can draw in the fluid a number of sur- 
faces, over each of which the pressure is the same ; 
these surfaces will cut the tubes of flow at right 
angles. Let us suppose they are drawn so that the 
difference of pressure between any two consecutive 
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surfaces is unity, then the surlaoes \v*Jl be cioso 
together at poxiils at whicii the pressure cliang.s 
rapidly ; where the variation of pressure is slow, the 
distaaicc between two consecutive surUicos will he 
C'^usiderable. 

If, then, in any case of motion, nv’ can <lraw the 
pressure surfaces, and the tubes of tlow, Ave can de- 
termine the motion of the Jluid completely. Now, 
the sajiio mathematical e:;p’'essioj*s Avhirdi appear in 
the hydro- dynamical theory occur also in the theory 
of electricitv. the meaning only of the symbols is 
changed. For velocity of fluid avc have to Avrite 
electrical force. For diftovonce of fluid pressure Ave 
substitute work done, or diffeieiice of electrical 
potential or pressure. 

The surfaces and tubes, drawn as the solution 
of any hydro-d^nauiical problem, give us also the 
solution of an electrical problem ; the tubes of flow are 
Faraday’s tubes of force, or tubes of induction, the 
surfaces of constant pressure are surfaces of equal 
electrical potential. Induction may take place in 
curved lines just as the tubes of flow may be bent and 
curved ; the analogy between the two is a complete 
one. 

But, as Maxwell shows, the analogy reaches further 
still. An electric ('urrent flowing along a Aviro had 
been recognised as having many properties similar to 
those of a current of licpiid in a Uil)e. When a steady 
current is passing through any solid conductor, there 
are formed in the conductor tubes of electrical flow 
and surfaces of constant pressure. These tubes and 
surfaces arc the same as those formed by the flow of 
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liquid through a solid whose boundary surface Is the 
same as that of the conductor, provided the flow of ‘ 
liquid is properly proportioned to the flow of elec- 
tricity. 

These analogies refer to steady currents in which, 
therefore, the flow at any point of the conductor docs 
not depend on the time. In Part 1 1. of his paper Max- 
well deals with Faraday’s electro-tonic state. Faraday 
had found that when change.^ are produced in the mag- 
netic phenomena surrounding a conductor, an electric ' 
current is set up in the conductor, which continues so 
long as the magnetic changes are in progress, hut 
which ceases when the magnetic state becomes steady. 

“Considerations of tliis kind led Professor Faraday to 
a)nnect with liis discovery of the induction of electric currents 
the conception of a state into which all bodies are thrown by 
the presence of magnets and currents. This state does not 
manifest itself by any known ] phenomena as long as it is un- 
disturbed, Imt any (diange in this state is iiuli(‘ated by a 
current or tendency towards a current To this stiitii he gave 
the name of the ‘ Electro-tmiic State, ^ and although he after- 
wards succeeded in ex plaining the phenomena which suggested 
it by imjaus of less hypothetical concejjtions, he has on several 
occasions hinted at the i)robability that some jdienomcna 
might be discovered which would render the electro-tonic 
state an ol)ject of legitimate induction. These speculations, 
into which Faraday had been led by the study of laws which 
he has well established, and which he abandoned only for 
want of experimental data for the direct proof of the unknown 
slate, liave not, I think, been made the subject of mathematical 
investigation. Perhaps it may be thought that the quantitative 
determinations of the various phenomena are not suflicicntly 
rigorous to be made tlie basis of a mathematical theory. 
Faraday, however, lias not contented himself with simply 
stating the numerical results of his experiments and leaving 
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the law to be disco vcred by ciilcwlaiion. Wlicr lic has i>or- 
coivod a Ir.w lie has at. (n>ce shttod it. in terms as nnanibiguunr: 
as tlu,3c of pure mathematics, and if tin luathcmaticiun, re- 
ceiving this as a physical truth, deduce.s from it other laws 
can:i])le of being tested by cxpcriiiu nt. he has merely assbu d 
the physicist in arranging his own id ear. whicli is confessedly 
a necessary step in scicirdtic iudncti m. 

“ [n t)\e following in vestigvition, tncreion , the laws estab- 
lished by Faraday will ])e assuioed as true, and it will be 
shown that by following out his speculations other and more 
general laws can be deduced i'n>;n thcTU. If it should, then, 
appear that these laws, originally devit^cJ to include one set of 
pliciiornena, iiuy he generalised so as to extend to jdientfmena 
of a different class, these mathematical jonneetions may 
suggest to physicists the means of establishing physical (‘on- 
nections, and thus mere speculation may l.)C turned to account 
in experimental sedemm.” 

Maxwell shows how to obtain a nuithcinatical cx- 
jiression for Faraday’s electro-tonic state. In his 
“ Electricity and Magnetism,” this electro-tonic state 
receives a new name. It is known as the Vector 
Potential ,* and the paper under consideration contains, 

‘‘ It is dinicult to <'Xplain without analysis exactly what is 
Tnensijreil hy IMaxwell’s Vector roteutial. Its rate of (•haiige at any 
point of space measures tin? electromotive force at that point, so far 
as it is (bui to variations (»f the ch'ctrie current in neighhouring con- 
ductors ; the magnetic induction depends on the first differential 
coefficients of tluj eom]».)nents of the elee.tro-tonic stal e ; the electric 
current is iclated to their second differc^ntial coetficionts in tlie same 
manner as tlu; density of jittraciing matter is related to the potential 
it j)rodiue.s. In language which is now freipiently ust'd in mathe- 
matical physics, the electromotive forci; at a point due to magnetic 
induction is ju-oportioiicd to the rate of change of tlio Vector Potential, 
the magnetic inductiou dcpeiuls on the “curl” of the Vector Potential, 
while the electric current is measured hy tlic “concentration ” of Iho 
Vector Potential. From a knowledge of tlie V^ector Potential these 
other quantities can be ohtjfmed by processes of differentiation. 
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though in an incomplete form, his first statement ot 
those equations of the electric field which are so in- 
dissolubly bound up with Maxwell’s name. 

The great advance in theory made in the paper is 
the distinct recognition of certain mathematical 
functions as representing Faraday’s cloctrotonic-state, 
and their use in solving electro-magnetic problems. 

The paper contains no new physical theory of 
electricity, but in a few years one appeared. In his 
later writings Maxwell adopted a more general view 
of the clcctro-magnetic field than that contained 
in his early papers on 'Thysical Lines of Force.” It 
must, therefore, not bo supposed that the somewhat 
gross (•oTico])tion of cog-wheels and pulleys, which we 
are about to describe, were anything more to their 
author than a model, Avhich enabled him to realise 
liow tlio changes, Avhich occur when a current of 
electricity passes through a wire, might be represented 
by the motion of actual material particles. 

The problem before him was to devise a physical 
theory of electricity, which would explain the forces 
exerted on electrified bodies by means of action 
l)etwecn the contiguous parts of the medium in the 
space surrounding these bodies, rather than by direct 
action across the distance which separates them. A 
similar question, still unanswered, had arisen in the 
case of gravitation. Astronomers have determined 
the forces between attracting bodies ; they do not 
know how those forces arise. 

Maxwell’s fondness for models has already been 
alluded to; it had led liini to construct his top to 
illustrate the dynamics of a rigid body rotating about 
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a fixei point, and hie model of Sat nrn's rings (now in 
the Cavendish Jial)oratory / to illustrate the motion of 
the satellites in the rings. Fo had explained many of 
the gaseous laws by means of the iinparn. of molecides, 
and now Ijis iVvt/lo ingcimiry was to imagine a 
mechanical model ol the state of the elcrtro-Tnagnotie 
tield near a system of condnoouvr ear/ yuJS currents. 

I'^u’adav, as wc have seen, looked upon electro- 
static and magnetic induction as taking place along 
curved lines of force He pictures thcLe lines as 
ropes of molecules starling from a charged conductor, 
or a magnet, as the case may be, and acting on other 
ifodics near. These I’opes of molceules tend to 
sliorten, aiid at the same time to swell outwards 
laterally. Tims tlie charged conductor tends to draw 
other bodies to itself, there is a tension along the 
lines of force, Avhilo at the same time each tube of 
molecules pushes its neighbours aside ; a pressure at 
right angles to the lines of force is combined with 
this tension. Assuming for a moment this pressure 
and tension to exist, can we devise a mechanism to 
account for it ? Maxwell himself has likened the 
linos of force to the hbres of a muscle. As the fibres 
(contract, causing the limb to which they are attached 
fo move, they swell oil tAcards, and the muscle thickens. 

Again, from another point of vicAv, wc might con- 
sider a line of force as consisting of a string of small 
cells of some flexible material each tilled with fluid. 
If we then suppose this series of cells caused to 
rotate rapidly about the direction of the line of force, 
the cells will expand laterally and contract longi- 
tudinally ; there will again be tension along the lines 
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of force and pressure at right angles to them, it was 
this last idea, as we shall see shortly, of which Max- 
well made use — 

“ I propose now ” [he writes (“ On Physical Lines of Force,” 
riiiL Mag.^ vol. xxi.)] “ to examine magnetic phenomena from 
a mechanical point of view, and to determine what tensions 
in, or motions of, a medium are capable of producing the 
mechanical phenomena observed. If by the same hypothesis 
we can connect the phenomena of magnetic attraction with 
electro magnetic phenomena, and with those of induced cur- 
rents, we shall have found a theory which, if not true, can 
only be proved to bo erroneous by experiments, which will 
greatly enlarge our knowledge of this part of physics.” 

Lord Kelvin had in 1847 given a mechanical 
representation of electric, magnetic and galvanic forces 
by means of the displacements of an elastic solid in a 
state of strain. Tho angular displacement at each 
point of the solid was taken as proportional to the 
magnetic force, and from this the relation between 
tho various other electric quantities and the motion 
of the solid was developed. But Lord Kelvin did not 
attempt to explain tho origin of the observed forces 
by tho cHects due to these strains, but merely made 
use of the mathematical analogy to assist the imagi- 
nation in the study of both. 

Maxwell considered magnetic action as existing 
in the form of pressure or tension, or more gener- 
ally, of some stress in some medium. The existence 
of a medium capable of exerting force on material 
bodies and of withstanding considerable stress, both 
])rcssiiro and tension, is thus a fundamental hypothesis 
witli him ; this medium is to be capable of motion, 
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iiiid cfcctro-magnefcic forces arise from its .notion and 
its stresses. 

Now, Maxwell’s fniidanjcntal supposition is that, 
in a magnetic hold, there is a rotation of the mole- 
cules continually in progrc‘.ss about the Imcs of niag- 
netic force. Consider now the case of a uniform 
magnetic ^ field, whose direction is perpendicular to 
the j)a})er ^ we arc to look upon the lines of force 
as ])arallel strings of moleeulcs, the axes of these 
strings being perpendicnlar to the paper. Each 
string is supposed to be rotating iii the same dirce 
lion about its axis, and the angular velocity of rota- 
tion is a measure of the magnetic force. In consc- 
(picncc of this rotation there will be ditibrenccs of 
])rcssiire in different directions in the medium; the 
pressure along the axes of the strings will be less than 
it would be if the medium were at rest, that in the 
directions at right angles to the axes will be greater, 
the medium will behave as though it. were under 
tension along the axes of the molecules under 
pressure at right angles to them. Moreover, it can 
l)e shown that the pressure and the tension arc both 
pro[>ortional to the scpiare of the angular velocity 
— the square, that is, of the magnetic force— and 
this result is in accordance with the consequences 
of experiment. 

More elaborate calculation shows that this state- 
ment is true generally. If we draw the lines of force 
in any magnetic field, and then suppose the molecules 
of the medium set in rotation about these lines of 
force as axes, with velocities Avhich at each point are 
proportional to the magnetic force, the distribution of 
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pressure throughout is that which we know aclually 
to exist in the magnetic field. 

According to this hypothesis, then, a permanent 
bar magnet has the power of setting the medium 
round it into continuous molecular rotation about the 
lines of force as axes. The molecules which are set 
in rotation we may consider as spherical, or nearly 
spherical, cells filled with a fluid, or an elastic solid 
substance, and surrounded by a kind of membrane, or 
sack, holding the contents together. 

So far the model does not give any account of 
electrical actions which go on in the magnetic field. 

The energy is wholly rotational, and the forces 
wholly magnetic;. 

(V)nsidor, however, any two contiguous strings of 
molecules. Let them cut the paper as shown in the 
two circles in Fig. 1 : — 




Then these cells arc both rotating in the same 
direction, hence at A, where they touch, their jufints of 
contact will be moving in opposite directions, as shown 
by the arrow heads, and it is difficult to imagine how 
such motion can continue ; it would require the sur- 
faces of the cells to be perfectly smooth, and if this 
were so they would lose the power of transmitting 
action from one cell to the next. 

The cells A and B may be compared to two cog- 
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• wheels placed close together, iviiich wo Av'sh to turn 
'in the same direction. If the cogs can interlock, as in 
^ Fig. 2, this is imposbihlc : consecutive wheels in the 
train must inoveui opposite directions. 

lint in man} madiinoo the desired cjki is attained- 
hy inserting between iho two wheels A and F a third 
idle wheel C, as shewn in Fig. 3. This may be very 
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small, its only function is to transmit the motion of A 
lo F in such a way that A and B may both turn in the 
same direction. It is not necessary tuat there should 
1)0 cogs on the wheels; if the surfaces be perfectly 
rough, so that no slipping can take place, the same 
result follows witliout the cogs. 

(hiided by tliis analogy MaxAvell extended his 
model by supposing each cell coated with a number 
of small particles which roll on its surface. These 
particles play the ]>art of the idle wheels in the 
’inacdiine, and by their rolling merely enable the 
adjacent parts of twm cells to move in opjiosito 
directions. 

Consider now a number of such cells and their idle 
wheels lying in a plane, that of the paper, and suppose 
each cell is rotating with the same uniform angular 
velocity about an axis at riglit angles to that plane, 
each idle wlieel Avill be acted on by two equal and 
opposite forces at the ends of the diameter in which 
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it is toucliccl by the adjacent cells ; it will therefore 
be sot in rotation, but there will be no force tending 
to drive it onwards ; it docs not matter whether the 
axis on which it rotates is free to move or fixed, in 
either case the idle wheel simply rotates. But suppose 
now the adjacent cells are not rotating at the same 
rate. In addition to its rotation the idle wheel will be 
urged onward with a velocity which depends on the 
difference between the rotations, and, if it can move 
freely, it will move on from between the two colls. 
Imagine now that the interstices between the cells 
are fitted with a string of idle wheels. So long as the 
adjacent cells move with different velocity there will 
bo a continual stream of rolling particles or idle wheels 
between them. Maxwell in the paper considered 
these rolling particles to be particles of electricity. 
Their motion constitutes an electric current. In a 
uniform magnetic field there is no electric current ; 
if the strength of the field vai’ies, the idle wheels are 
set in motion and there may be a current. 

These particles are very small compare 1 with the 
magnetic vortices. The mass of all the particles is in- 
appreciable compared with the mass of the vortices, 
and a great many vortices with their surrounding 
particles are contained in a molecule of the medium ; 
the particles roll on the vortices without touching 
each other, so that so long as they remain within the 
same molecule there is no loss of energy by resistance. 
When, however, there is a current or general trans- 
ference of jmrticles in one direction they must pass 
from one molecule to another, and in doing so may 
experience resistance and generate heat. 
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Maxwell states tDat the conception o.’ a particle, 
‘having its motion connected with that of a vort(*-x I y 
perfect rolling contact, may appear somewhat awkward. 
“ T do not bring it forward/ he writes, as a modi of 
c(>nnection (existing in N.itiirc, or even as that which 
1 would willingl}! assent to as an electrical hypothesis. 
It is, however, a mode of couiuuition which is mechani- 
cally conceivahle and easily investigated, and it servos 
to bring out the actual inochanical connections 
between the known eiectro-iuagnotic phenomena, so 
thac I venture to say that anyone who understands 
tlie provisional and temporary character of this 
hypothesis will find himself rather helped than 
hindered by it in his search after the true interpreta- 
tion of the phenomena.'' 

The first pjirt of the paper deals with the theory 
of magnetism ; in the second part the liypotliesis is 
ap]died to the phenomena of electric currents, and it 
is shown how the known laws of steady currents and 
of (dectro-magnetic induction can be deduced fi'om it. 
In l*art 1 1 1., ])ublished January and February, J(SG2, the 
theory of molecular vortices is applied to statical 
electricity. 

The distinction becwcen a conductor and an 
insulator or dielectric is supposed to be that in the 
former the particles of electricity can pass with more 
or less freedom from molecule to molecule. In the 
latter such transference is impossible, the particles can 
only bo displaced within the molecule with which 
they are connected; the cells or vortices of the 
medium are supposed to be elastic, and to resist by 
their elasticity the displacement of the particles within 
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them. When electrical force acts on the medium this 
displacement of the particles within each molecule 
takes place until the stresses duo to the elastic re- 
action of the vortices balance the electrical force ; the 
medium behaves like an elastic body yielding to 
pressure until the pressure is balanced by the elastic 
stress. When the electric force is removed the cells 
or vortices recover their form, the electricity returns 
to its former position. 

In a medium such as this waves of periodic 
displacement could be set up, and would travel with 
a velocity depending on its electric properties. The 
value for this velocity can be obtained from electrical 
observations, and Maxwell showed that this velocity, 
so found, was, within the limits of experimental error, 
the same as that of light. Moreover, the electrical 
oscillations take place, like those of light, in the front 
of the wave. Hence, he concludes, “ the elasticity of 
the magnetic medium in air is the same as that of 
the luminiferous medium, if these two coexistent, 
coextensive, and equally elastic media are not rather 
one medium.” 

The paper thus contains the first germs of the 
electro-magnetic theory of light. Moreover, it is 
shown that the attraction between two small bodies 
charged with given quantities of electricity depends 
on the medium in which they are placed, while the 
spccitic inductive capacity is found to be proportional 
to the square of the refractive index. 

The fourth and final part of the paper investigates 
the propagation of light in a magnetic field. 

Faraday had shown that the direction of vibration 
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in a wave of polarised light travednig parallel to il^o 
lines of force in a magnetic iicld is rotated by ilj 
passage through the field. The numerical laws of 
this relation had been investigated by A'erdot, aod 
Maxwell sliowed how his hypothesis oi molecular 
vortices led to laws which agree in the main with 
those foiiiid by Vordet. 

Ho points out the coTinoction between 

niagnetisni and electricity has {lie seine inathe- 
’ matical form as tliat between cerlain oilier pairs of 
phenomena, one of which has a iu.ear and the other 
a rotatori) character ; and, further, that an analogy 
may bo worked out assuming either the linear 
character for magnetism and the rotatory character 
for electricity, or the reverse. He alludes to Prof. 
Challis* theory, according to which magnetism is to 
consist in currents in a fluid whoso directions corre- 
spond with the lines of magnetic force, while electric 
currents are supposed to be acc(nnpanied by, if not 
dependent upon, a rotatory motion of the fluid about 
the axis of the current ; and to Von Helmholtz’s 
theory of a somewhat similar character. He then 
gives his own reasons — agreeing with those of Sir 
W. Thomson (Lord Kelvin) — ^Ibr supposing that there 
must be a real rotation going on in a magnetic field 
in order to account for the rotation of the plane of 
polarisation, and, accepting these reasons as valid, he 
develops the consequences of his theory with the 
results stated above. 

His own verdict on the theory is given in the 
‘‘Electricity and Magnetism” (vol. ii., § 831, first 
edition, p. 41 G) : — 
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“ A theory of molecular vortices, which I worked out at con- 
siderable length, was published in the VhlL Mag, for March, 
April, and May, 1861 ; Jan. and Feb., 1862. 

“I think we have good evidence for the opinion that some 
phenomenon of rotation is going on in the magnetic field, that 
this rotatio7) is performed by a great number of very small 
portions of matter, each rotating on its own axis, this axis 
being parallel to the direction of the magnetic force, and that 
the rotations of these different vortices are made to depend on one 
another by means of some kind of mechanism connecting them. 

“The attempt which I then made to imagine a working 
model of this mechanism must be taken for no more than it 
really is, a demonstration that mechanism may be imagined 
capable of producing a connection mechanically e([iuvalent to 
the actual connection of the parts of the electro magnetic field. 
The problem of determining the mechaiiism re(piired to 
estal)lish a given species of connection between the motions of 
the parts of a system always admits of an infinite number of 
solutions. Of these, some may be more clumsy or more coin- 
l)lex than others, but all must satisfy the conditions of 
mechanism in g(3npral. 

“ The following nsiilts of the theory, however, are of 
higher value : — 

“(1) Magnetic force s the effect of the centrifugal force of 
the vortices. 

“(2) Electro magnetic induction of currents is the effect of 
the forces called into play when the velocity of the vortices is 
changing. 

“(3) Electron! jtive force arises from the stress on the con- 
necting mechanism. 

“(4) Electric displacement arises from the elastic yielding 
of the connecting mechanism.” 

In studying this part of Maxwell’s work, it must 
clearly bo remembered that he did not look upon the 
ether as a series of cog-wheels with idle wheels be- 
tween, or anything of the kind. He devised a mechan- 
ical model of sudi cogs and idle !vheels, the properties 
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of which would in come respects closely resemble 
• those of the ether ; from this model he deduced, 
among other things, important fact that ekxtrio 
waves would travel outwards with the velocity f 
lighu Other such inodeis liavc boon do used since 
his time to iliustn.to tiie saujc laws. rrof. Fitzgoraid 
has actually constructed one of wlie< Is connected 
togeth(u* bs elastic hands which shows clearly the kind 
of pioccsses which .Maxwell supposed to go on in a 
•dielectric when under electric lorce. Proforsjr Lodge, 
in Ids book, “ Modern Views crf Electricity,” ha's very 
fully dcveloj>cd a somewhat different {vrrangemeut of 
cog-wheels to attain the same result. 

Maxwell’s predictions as to the propagation of 
(hxdTic waves have in recent days received their full 
vori(i(tation in the brilliant experiments of Hertz and 
bis followers; it remains for us, before dtjaling with 
tb('S(\ to trace their Hnal development in his hands. 

The papers we liave been discussing were perhaps 
too material to receive the full attention tliey 
deserved ; the ether is not a series of cogs, and elec- 
trifdty is something different from material idle 
wheels. In his paper on ‘ The Dynamical Theory of the 
Electro-magnetic Field,” Phil. Trans., 1804, Maxwell 
treats the same questions in a more general manner. 
On a former occasion he says, “ 1 have attempted to 
describe a particular kind of motion and a particular 
kind of strain so arranged as to account for the 
phenomena. In the present paper I avoid any 
hypothesis of this kind ; and in using such words as 
electric momentum and electric elasticity in reference 
|.o the known phenomena of the induction of currents 

L 
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and the polarisation of dielectrics, I wish merely to 
direct the mind of the reader to mechanical pheno- 
mena, which will assist him in understanding the 
electrical ones. All such phrases in the present 
paper are to be considered as illustrative and not as 
explanatory.'’ He then continues : — 

“ In speaking of the energy of the field, however, I wish to 
be understood literally. All energy is the same as mechanical 
energy, whether it exists in the form of motion or in that of. 
ela.sticity, or in any other form. 

“ The energy in electro-magnetic phenomena is mechanical 
energy. The only question is, Where does it reside ? 

“ On the old theories it resides in the electrified bodies, con- 
ducting circuits, and magnets, in the form of an unknown 
quality called potential energy, or the power of producing 
certain effects at a distance. On our theory it resides in the 
electro-magnetic field, in the space surrounding the electrified 
a]ul magnetic bodies, as well as in those bodies themselves, 
and is in two different forms, which may be described without 
hypothesis as magnetic polarisation and electric polarisation, 
or, according to a very probable hypothesis, as the motion and 
the strain of one and the same medium. 

“ The conclusions arrived at in the present paper are inde- 
pendent of this hypothesis, being deduced from experimental 
facts of three kinds : — 

“(1) The induction of electric currents by the increase or 
diminution of neighbouring currents according to the changes 
in the lines of force passing through the circuit. 

“ (2) The distribution of magnetic intensity according to 
the variations of a magnetic potential. 

“(3) The induction (or influence) of statical electricity 
through dielectrics. 

“ We may now proceed to demonstrate from these i)rinciples 
the existence and laws of the mechanical forces, which act 
ui)on electric currents, magnets, and electrified bodies placed 
in the electro-magnetic field.” 
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In his introduction to the ppper, he disoussos in a 
general way the various explanations ot electric pheno- 
mena which had been given, end points out that — 

'‘It appeors, thtMvfori\lliai certaia pli<jiiOiuenn, v\ ol',ctriciiy 
and niagnelisin lead t«> tl’o same, conelusior. a:^ tiio^o of optics, 
namely, that there is an adherial medpun iMP-vading all bodies, 
and modified only in degree V»y Picir prc^u3nco ; that the parts 
of this mednrn are capable ^ f being set in motion by electric 
(tiincnts and magnets ; that this motion U communicated from 
.one part of the medium to aricther by forces arising fiom the 
connection of those parts ; that under the action of these 
forces there is n certain yielding depending on the elasticity of 
these cormeetions ; and that, therefore, energy in two different 
forms may exist in tlie medium, the one form being the actual 
energy of motion of its jiarts, and the other being the potential 
energy stored up in the connections in virtue of their elasticity. 

“Thus, then, vve are led to the eonceplion of a complicated 
imM-hanisin capable of a vast variety of motion, but at the 
same time so connected that the motion of one part depends, 
according to definite relations, on the motion of other parts, 
these motions being cciiimunicated by forces arising from the 
relative displacement of the connected parts, in • irtue of their 
elasticity. Such a mechanism must, be subject to the general 
laws of dynamics, and vve ought to be able to work out all the 
consequences of its motion, x>rovdded we know the form of the 
relation between the motions of the parts.” 

These general laws of dynamics, applicable to the 
motion of any connected system, had been developed 
by Lagrange, and are expressed in his generalised 
Ci|uations of motion. It is one of MaxwelTs chief 
claims to fame that he saw in the electric field a 
connected system to which Lagrange’s equations conld 
be applied, and that he was able to deduce the 
mechanical and electrical actions which take place by 
means of fundamental proj^ositions of dyna-mics. 

L 2 



180 


JAMES CLERK MAXWELL 


The methods of the paper now under discussion 
were developed further in the “ Treatise on Electricity 
and Magnetism,” published in 1873 ; in endeavouring 
to give some slight account of Maxwell’s work, wo 
shall describe it in the form it ultimately took. 

The task which Maxwell set himself was a double 
one ; he had first to express in symbols, in as general 
a forjii as possible, the fundamental laws of electro- 
magnetism as deduced from experiments, chiefly the 
experiments of Faraday, and the relations between 
the various quantities involved ; when this was done 
he had to show how these laws could be deduced from 
the general dynamical laws applicable to any system 
of moving bodies. 

There are two classes of phenomena, electric and 
magnetic, which have been known from very early 
times, and which are connected together. When a 
piece of sealing-wax is rubbed it is found to attract 
other bodies, it is said to exert electric force through- 
out the space surrounding it ; when two different 
metals are dipped in slightly acidulated water and 
connected by a wire, certain changes take place in the 
plates, the water, the wire, and the space round the 
wire, electric force is again exerted and a current of 
electricity is said to flow in the wire. Again, certain 
bodies, such as the lodestone, or pieces of iron and 
steel which have been treated in a certain manner, 
exhibit phenomena of action at a distance : they are 
said to exert magnetic force, and it is found that this 
magnetic force exists in the neighbourhood of an 
electric current and is connected with the current. 

Again, when electric force is applied to a body, the 
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effects may be in part oleetricaf. in part niechanical , 
the electrical state of the body is in general changed, 
while in addition, meiihanical forces tending to move 
the body are set up. Experiment must teach us how 
the eleetrici>! state denends on the electric force, and 
what is tlio, connection between this elecinc force ond 
the magnetic forces wliich may under ct rtaiii circum- 
stances, be < observed. Now^ in specifying the electric 
and magnetic conditions of the system, various other 
(juantities, in addition r.o the electric force, will have 
to bo introduced : the iirst step is to fonnulate the 
necessary (juantities, and to determine the relations 
between them and the electric force. 

Consider now a wire connecting the two polos of 
an electric battery — in its simplest form, a piece of 
zinc- and a piece of copper In a vessel of dilute acid — 
electric force is produced at each point of the wire. 
Let us su})pose this force known ; an electric current 
d(»[)ending on the material and the size of the wire 
flows along it, its value can bo detonnined at eacli 
point of the wire in terms of the electric force by 
Obm’s law. If we take either this current or the 
electric force as known, wc can determine by known 
laws the electric and m.ignetic conditions elsewhere. 
If we suppose the wire to be straight and very long, 
then, so long as the current is steady and we neglect 
the small effect due to the electrostatic charge on the 
wire, there is no electric force outside the wire. There 
is, however, magnetic force, and it is found that the 
lines of magnetic force are circles round the wire. It 
is found also tliat the work done in travelling once 
completely round the wire against the magnetic force 
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is measured by the current flowing through the wire, 
and is obtained in the system of units usually adopted 
by multiplying the current by 47r. This last result then 
gives us one of the necessary relations, that between 
the magnetic force due to a current and the strength 
of the current. 

Again, c )nsidcr a steady current flowing in a 
conductor of any form or shape, the total flow of 
current across any section of the conductor can be 
measured in various ways, and it is found that at any 
time this total flow is the same for each section of tlie 
conductor. In this respect the flow of a current re- 
sembles that of an incompressible fluid through a 
pipe ; where the pipe is narrow the velocity of flow 
is greater than it is where the pipe is broad, but the 
total quantity crossing each section at any given 
instant is the same. 

Consider now two conducting bodies, two spheres, 
or two flat plates placed near together but insulated. 
Let each conductor be connected to one of the iiol(\s 
of the battery by a conducting wire. Then, for a very 
short interval after the contact is made, it is found 
that there is a current in each wire which rapidly (li(\s 
away to zero. In the neighbourhood of the balls 
there is electric force ; the balls ai-c said to be charged 
with electricity, and the lines of force are curved lines 
running from one ball to the other. It is found that 
the balls slightly attract each other, and the space 
between them is now in a different condition from what 
it was before the balls were charged. According to 
Maxwell, Electric Displacenunt has been produced 
in this space, and the electric displacement at each 
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point 'is proportional to the eloctiic lor e at that 

• point. 

Thus, (i) \vhpn electric force a< ts on a conductor, it 
produces a curronb, tlie current being by Ohm’s ) w 
proportional to the force: (li) whoa i^" cts on an 
insulator it produces electric (displace. '-Oiit, and the 
displaccniont is proportional to lin? iovcc ; while (iii) 
there is magnetic i'urcc hi the neighbourhood of tlu. 
curiont, and the work done m caiuying a magnetic 

* polo round any coinj»lcle cirenit linked with the 
current is propoi i ional to the current The lirst two 
•>f these principles give us two sets of equations con- 
necting together the electric force and the current 
in a conductor or the displacement in a dielectric 
respectively ; the third connects the magnetic force 
and the current. 

Is’ow let us go back to the variable period when 
the current is flowing in the wires : and to make ideas 
precise, let the two conductors be two e(|nal large flat 
plates placed with their faces parallel, and at some 
small (lisiance apart In this case, when the plates 
are charged, and the current lias ceased, the electric 
displaceiiient and the force arc confined almost entirely 
to tiie space between the jflates. iJuring the variable 
period the total flow at any instant across each section 
of the wire is the same, but in the ordinary sense of 
the word there is no flow of electricity across the 
insulating medium between the plates. In this space, 
however, the electric displacement is continuously 
changing, rising from zero initially to its final steady 
value when the current ceases. It is a fundamental 
part of Maxwell’s theory that this variation of electric 
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displacement is e(|uivalent in all respects to a current. 
The current at any point in a dielectric is measured 
by the rate of change of displacement at that point. 

Moreover, it is also an essential point that if we 
consider any section of the dielectric between the two 
plates, the rate of change of the total displacement 
across this section is at each moment equal to the 
total flow of current across each section of the con- 
ducting wire. 

Currents of electricity, therefore, including dis- 
jdacement currents, always flow in closed circuits, 
and obey the laws of an incompressible fluid in 
that the total fl(.)w across each section of the circuit 
— conducting or dielectric — is at any moment the 
same. 

It should be clearly remembered that this funda- 
mental hypothesis of Maxwell’s theory is an assump- 
tion only to be justified by experiment. Von 
Helmholtz, in his paper on “ The Equations of 
Motion of Electricity for Bodies at Best,” formed 
his equations in an entirely different manner from 
Maxwell, and arrived at results of a more general 
character, which do not require us to suppose that 
currents flow always in closed circuits, but permit of 
the condensation of electricity at points in the circuit 
where the conductors end and the non-conducting 
part of the circuit begins. We leave for the present 
the question which of the two theories, if either, 
represents the facts. 

We have obtained above three fundamental rela- 
tions — (i) that between electric force and electric 
current in a conductor; (ii) that between electric 
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force and electric displace'nent in a dielectric ; (ni » 
that between magnetic force and the current wliieh 
gives rise to it. Anci we have seen that an electric 
cur*x‘nt — ie. in a <lK‘lectric the variaiion of the 
strength of ;ii\ electric field of iorco — trives rise to 
magnetic force. Now, magnetic ft)r e acting on a 
medium produces “ magnetic d/isplacomeiit/' or mag- 
induction, as it is cabod. In all media except 
iron, nickel, cobalt, and a tow other substances, the 
magnetic induction is jiroportionai to the magnetic 
force, and the ratio biitwoen the magnetic induction 
pi oduced hy a given force and the force is found to 
be very nearly the same for all such media. This 
ratio is known as the permeability, and is generally 
denoted by the symbol fi, 

A relation reciprocal to that given in (iii) above 
might bo anticipated, and was, in fact, discovered by 
Faraday. Changes in a field of magnetic induction 
giv(i rise to electric, force, and hence to displacement 
ciirrenls in a dielectric or to conduction currents in 
a conductor. In considering tlio relation between 
tb(‘sc changes and the electric force, it is simjilest 
at lirst not to deal Avith magnetic matter such as 
iron, nickel, or cobalt; and then we may say that (iv) 
tbe work which . at any instant would bo done in 
carrying a unit quantity of electricity round a 
closed circuit in a magnetic field against the electric 
f(}rccs due to the field is equal to the rate at which 
the total magnetic induction which threads the 
circuit is being decreased. This law, summing up 
Faraday’s experiments on electro-magnetic induction, 
gives a fourth principle, leading to a fourth series 
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of equations connecting together the electric and 
magnetic quantities involved. 

The equations deduced from the above four 
principles, together with the condition implied in 
the continuity of an electric current, constitute 
Maxwell’s equations of the electro -magnetic field. 

If we are dealing only with a dielectric medium, 
the reciprocal relation between the third and fourth 
principle may be made more clear by the following 
statement : — 

(A) The work done at any moment in carrying 
a unit quantity of magnetism round a closed circuit 
in a field in which electric displacement is varying, is 
equal to the rate of change of the total electric 
displacement through the circuit multiplied by 47r.‘^ 

(B) The work done at any moment in carrying a 
unit quantity of electricity round a circuit in a field 
in which the magnetic induction is varying, is equal 
to the rate of change of the total magnetic induction 
through the circuit. 

From these two principles, combined with the 
laws connecting electric force and displacement, 
magnetic force and induction, and with the condition 
of continuity, Maxwell obtained his equations of the 
field. 

Faraday’s experiments on electro-magnetic induc- 
tion afford the proof of the truth of the fourth 
principle. It follows from those experiments that 
when the number of lines of magnetic induction 

* The 4 IT is introduced because of the system of units usually 
ouiployed to measure electrical quantities. If we adopted Mr. Oliver 
Heaviside’s rational units,” it would disappear, as it does in (B). 
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which are linked with any closed circuit are made 
•to vary, an induced eleotromotive force is brought 
into play round that circuit. Thk electromotive force 
is, according to Faraday’s results, measincd by ti»e 
rate of decrease in tlio nuuibcr lines o/ magnetic 
induction which thread the circuit. Maxwell applies 
this |)rinciple to all cin-uits, v^hc.thor coruiucting or not. 

In obtaining e(]nations to cx}»ress in symbols 
the results of the fourth prir ciplo just enunciated, 
'Afar well introduces a new quantity, to Avhich he gives 
the nanic of the “ vector potential.” This quantity 
appears in his analysis, and its physical meaning is 
not at first quite clear. Trefessor Poynting has, how- 
ever, put ilaxwell’s principles in a slightly different 
form, which enables us to see definitely the meaning of 
the vector potential, and to deduce Maxwell’s equations 
more readily from the fundamental statements. 

We are dealing with a circuit with which lines 
of magnetic induetjon arc linked, while the number 
of such lines linked with the circuit is varying. Now, 
let us suppose the variation to take place in con- 
sequence of the lines of induction moving outwards 
or inwards, as the (^asc may be, so as to cut the circuit. 
Originally there arc none linked with the circuit. As 
tlie magnetic field has grown to its present strength 
linos of magnetic induction have moved inwards. 
Each little clement of the circuit has been cut by some, 
and the total number linked with the circuit can be 
found by adding together those cut by each clement. 
Now, Professor Poynting’s statement of Maxwell’s 
fourth principle is that the electrical force in the 
direction of any element of the circuit is found by 
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dividing by the length of the element the number of 
lines of magnetic induction which are cut in one * 
second by it. 

Moreover, the total number of lines of magnetic in- 
duction which have been cut by an element of unit 
length is defined as the component of the vector 
jiotcntial in the direction of the element ; hence the 
electrical force in any direction is the rate of decrease 
of the component of the vector potential in that 
direction. We have thus a physical meaning for the* 
vector potential, and shall find that in the dynamical 
theory this (juantity is of great importance. 

Professor Poynting has modified Maxwell’s third 
principle in a similar manner; he looks upon the 
variation in the electric displacement as due to the 
motion of tubes of electric induction,* and the mag- 
netic force along any circuit is equal to the number 
of tubes of electric induction cutting or cut by unit 
length of the circuit per second, multiplied by 47r. 

Prom the equations of the field, as found by 
Maxwell, it is possible to derive two sets of sym- 
metrical eejuations. The one set connects the rate of 
(ihange of the electric force with (piantities depending 
on the magnetic force; the other set connects in a 
similar manner the rate of change of the magnetic 
force with quantities depending on the electric force- 

Eor an exact statement as to the rol ition between the directions 
of the lines of electric di.splaccment and of the magnetic fon'e, refer- 
ence must be nr.ide to Professor Poynting’s paper, PhiL 2'rans., ISSo, 
Part II., pp. 280, 281. The ideas are further developed in a series of 
articles in the Etectrivian, September, 1895. Rcferoncc' should also be 
made to il. J. Thomson's “ Recent Kesearehes in Electricity and 
Magnetism.” 
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Several writers in recent years edopt tln^e equations 
•as the fiindainental relations of 'ohc field, establishing 
them by the argument that they lead to consequences 
which are found to be in accoidancc with experimort. 

Wo have endeavourou to give some account 
Maxwell’s historical method, ac(*.ordlng to which the 
equations are deduced from the laws of electric 
currents and of electro-magnetic induction derived 
directly from experiment. 

While the manner in which Maxwell obtained 
his equations is all his own, iie was not alone in 
stating and discussing general equations of the electro- 
magnetic field. The next steps which we are about 
to consider are, however, in a special manner due 
to him. An electrical or magnetic system is the 
scat of energy ; this energy is partly 3lectrical, partly 
magnetic, and various expressions can be found for 
it. In Maxwell’s theory it is a fundamental assump- 
tion that energy has position. ‘‘The electric and mag- 
netic energies of any electro-magnetic system,” says 
Professor I\)ynting, “reside, therefore, somewhere in 
the field.” It follows from this that they arc present 
wherever electric and magnetic force can be shown to 
exist. Maxwell showed that all the electric energy is 
accounted for by supposing that in the neighbourhood 
of a point at which the electric force is R there is 
an amount of energy per unit of volume equal to 
KR“787r, K being the inductive capacity of the 
medium, while in the neighbourhood of a point at 
which the magnetic force is H, the magnetic energy 
per unit of volume is fiWrjHTr, being the per- 
meability. He supposes, then, that at each point of 
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an electro-magnetic system energy is stored accord- 
ing to these laws. It follows, then, that the electro-' 
magnetic field resembles a dynamical system in 
whi(ih energy is stored. Can we discover more of 
tlie mechanism by which the actions in the field 
arc maintained ? Now the motion of any point of a 
connected system depends on that of other points of 
the system ; there are generally, in any machine, a 
cjrtain number of points called driving-points, the 
motion of which controls the motion of all other 
parts of the machine; if the motion of the driving- 
points be known, that of any other point can be deter- 
inined. Thus in a steam engine the motion of a 
j)oint on the fly-wheel c.an be found if the motion of 
the piston and the connections between the piston 
and the wheel he known. 

In order to determine the force which is acting on 
any part of the machine we must find its momentum, 
and then calculate the rate at which this momentum 
is being changed. This rate of change will give us 
the force. The method of calculation which it is 
necessary to employ was first given by Lagrange, and 
afterwards developed, wdth some modifications, by 
Hamilton. It is usually referred to as Hamilton’s 
principle; when the ecpiations in the original form 
are used they are known as Lagrange’s equations. 

Now Maxwell showed how these methods of calcu- 
lation could be applied to the electro-magnetic field. 
The energy of a dynamical system is partly kinetic, 
partly potential Maxwell supposes that the magnetic 
energy of the field is kinetic energy, the electric 
energy potential. When the kinetic energy of a 
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system is known, the inonienturi\ of any p'ri of tho 
’system can be calculated by recognised processes. 
Thus if we consider a circuit in an electro-magnetic 
held we can calculate the energy of the field, anl 
hence obtain the momentum correspondirg to this 
circuit. If we deal with a simple cast In v;hicl) the 
conducting circuits are fixed in position, and only the 
current in each (urcuit is allowed to vary, the rate of 
(‘hange of momentum corresponding to any circuit 
‘will give the force in that circuit. The momentum 
in question is electric momentum, and the force is 
electric force. Now Ave have already seen that the 
electric force at any point of a conducting circuit is 
given by the rate of change of the vector potential 
in the direction considered. Hence wo are led to 
identify the vector potential with the electric mo- 
mentum of our dynamical system ; and, referring to 
the original definition of vector potential, Ave see that 
the electric momentum of a circuit is measured by the 
number of lines of magnetic induction Avhich are 
interlinked Avith it. 

Again, the kinetic energy of a dynamical system 
can be expressed in terms of the squares and products 
of the velocities of its several parts. It can also be 
expressed by multiplying the velocity of each driving- 
point by the momentum corresponding to that driving- 
point, and taking half the sum of the products. 
Suppose, noAV, we are dealing Avith a system consisting 
of a number of Avire circuits in Avhich currents are 
running, and let us suppose that Ave may represent 
the current in each Aviro as the velocity of a driving- 
point in our dynamical system. We can also express 
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in terms of these currents the electric momeritiim of 
each wire circuit ; let this be done, and let half the* 
sum of the products of the corresponding velocities 
and momenta be formed. 

In maintaining the currents in the wires energy is 
needed to supply the heat which is produced in each 
wire ; but in starting the currents it is found that 
more energy is needed than is requisite for the supply 
of this heat. This excess of energy can be calculated, 
and when the calculation is made it is found that the 
excess is equal to half the sum of the products of the 
currents and corresponding momenta. Moreover, if 
this sum be expressed in terms of the magnetic force, 
it is found to be equal to /jl H‘78 tt, which is the mag- 
netic energy of tlic field. Now, when a dynamical 
sysUjin is set in motion against known fences, more 
energy is sup[)lied than is needed to do the work 
against the forces ; this excess of energy measures the 
kinetic energy acquired by the system. 

Hence, Maxwell was justified in taking the mag- 
netic energy of the field as the kinetic energy of the 
mechanical system, and if the strengths of the currents 
in the wires be taken to represent the velocities of the 
driving-points, this energy is measured in terms of 
the electrical velocities and momenta in exactly the 
same way as the energy of a mechanical system is 
measured in terms of the velocities and momenta of 
its driving-points. 

The mechanical system in which, according to 
Maxwell, the energy is stored is the ether. A state of 
motion or of strain is set up in the ether of the field. 
The electric forces which drive the currents, and also 
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the inechaiii(3al forces acting on t»ie (ionductv.rs carry- 
* ing the currents, are due to this state of motion, or it 
may be of strain, in the ether. It must not be sup- 
posed that the term electric displacement in MaxwellV 
mind meant an actual bcdily displacemoiit of the 
particles of the ether; it is in Sv)me ’vay connected 
Hoth sucli a material displacement. In his view, with- 
out motion of the ether particles tlu're would be no 
electric action, but he does not identby electric 
‘displacement and the displacement of an ether 
particle. 

His mechanical theory, however, does account tor 
the elcctro-inagnotic forces between conductors carry- 
ing currents. The energy of the system depends on 
the rcbitive positions of the currents which form part 
of it-. Now, any conservative mechanical system 
tends t,o set itself in such a position that its potential 
energy is least, its kinetic energy greatest. The 
circuits of the system, then, will tend to set themselves 
so that the electro-kinetic energy of the system may 
be as large as possible ; forces will be needed to hold 
them in any position in which this condition is not 
satisfied. 

We have another proof of the correctness of the 
value found for the energy of the field in that the 
forces calculated from this value agree with those 
which arc determined by direct experiment. 

Again, the forces applied at the various driving- 
points are transmitted to other points by the con- 
nections of the machine ; the connections are thrown 
into a state of strain ; stress exists throughout their 
substance. When we sec the piston-rod and the sliaft 
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of an engine connected by the crank and the connect- 
ing-rod, we recognise that the work done on the 
piston is transmitted thus to the shaft. So, too, in 
the electro-magnetic held, the ether forms the con- 
nection between the various circuits in the field; 
the forces with which those circuits act on each other 
are transmitted from one circuit to another by the 
stresses set up in the ether. 

To take another instance, consider the electro- 
static attraction between two charged bodies. Let us 
suppose the bodies charged by connecting each to 
the opposite pole of a battery ; a current flows from 
the battery setting ii[) electric displacement in the 
space b(jtwoeii the bodies, and throwing the ether into 
a state of strain. As the strain increases the current 
gets less ; the reaction resulting from the strain tends 
to stoj) it-, until at last this reaction is so great that 
the (‘urr(?nt is stoj)])ed. When this is the case the 
wires to tlie bU-tery may bo removed, provided this is 
do2ic without destroying the insulation of the bodies ; 
the state of strain will remain and shows itself in the 
attraction between the balls. 

Looking at the problem in this manner, we are 
face to face with two great questions — the one, What 
is the state of strain in the ether which will enable it 
to produce the observed electro-static attractions and 
repulsions between charged bodies ? and the other. 
What is the niechanical structure of the ether which 
would give rise to such a state of strain as will 
account for the observed forces ? Maxwell gives one 
answer to the first question ; it is not the only answer 
which could bo given, but it does account for the 
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facts. * He failed to answer tho second. He says 
( 'Electricity and Magnetism,” vol. i. p. LS2^ : — 

“It must be carefully borne in mind tliat wc have made 
only one step in the theory of the action of tlie medium. V.'c 
have supposed it to be in a state of stress, but not in any 
way accounted for this strf^ss, or explained Low it is maintained. 

. . . I have not been able to ina!:e the iit'ct step, namely, to 
account by mechanical consideration^ for these stresses in the 
dielectric. ” 

Earaday had pointed out that the inductive action 
between two bodies takes place Jilong the lines of 
force, which tend to shorten along their length and 
to spread outwards in other directions. Maxwell 
(xuiipares them to tho fibres of a muscle, which 
contracts and at tho same time thickens when 
exerting force. In the electric field there is, on 
Maxwcirs theory, a tension along the lines of electric 
force and a pressure at right angles to those lines. 
Maxwell proved th.at a tension K IV/H tt along the 
lines of foi'ee, combined witli an equal pressure in 
perpendicular directions, would maintain the equili- 
brium of the field, and would give rise to the observed 
attractions or repulsions between electrified bodies. 
Other distributions of stress might be found which 
would lead to the same result. The one just stated 
will always be connected with Maxwell's name. It 
will be noticed that tho tension along the lines of 
force and the pressure at right angles to them are 
each numerically equal to the potential energy stored 
per unit of volume in the field. The value of each of 
the throe quantities is K li^/8 tt. 

In the same way, in a magnetic field, tliore is 
a state of stress, and on Maxwell’s theory this, too, 
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consists of a tension along the lines of force and an 
equal pressure at right angles to them, the values 
of the tension and the pressure being each equal 
to that of the magnetic energy per unit of volume, 
or fi H^/8 TT. 

In a case in which both electric and magnetic 
force exists, these two states of stress are super- 
])()sed. The total energy per unit of volume is 
KR 7 ^ 7 r + the total stress is made up 

of tensions K tt and fi H7‘S tt along the lines 
of electric and magnetic force respectively, and equal 
pressures at right angles to these lines. 

We see, then, from Maxwell’s theory, that electric* 
force ])roduce(l at any given point in space is trans- 
mitted from that point by the action of the ethei-. 
'Ihe question suggests itself, Does the transmission 
take time, and if so, does it proceed with a definite 
velocity depending on the nature of the medium 
through which the change is proceeding ? 

According to the molecular-vortex theory, we 
have seen that waves of electric force are transmitted 
with a definite velocity. The more general theory 
developed in the “ Electricity and Magnetism” leads 
to the same result. Electric force produced at any 
point travels o utwa rds from that point with a velocity 
given by 1 / \/ K At a distant point the force is 

zero, until the disturbance reaches it. If the dis- 
turbance last only for a limited interval, its effects 
will at any future time be confined to the space 
within a spherical shell of constant thickness depend- 
ing on the interval ; the radii of this shell imTease 
with uniform speed 1 /\/ K fi. 
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If tlic initial clLsturbanco be periodic, periodic 
waves of eloctric force will travel out from the centre, 
just as waves of sound travel out from a boll, or waves 
of light from a candle flame. A wire carrying v) 
alternating current may be such a sour e of pcri(Hlic 
disturbance, and from the wire wave^' travel outwards 
into space. 

Now, it is known that in a sound wave the dis- 
placements of the air particles take place in th(^ 
direction in which, the wave is ti-avclling ; they lie 
at right angles to the wave from, and are spoken of 
as longitudinal. In light waves, on the other hand, 
the displacements are, as Fresnel ]>r()vcd, in the wave 
front, at right angles, that is, to the direction of 
propagation ; they are transverse. 

Theory shows that in general both tlieso waves 
may exist in an elastic solid body, and that they 
travel with difterent velocities. Of which nature arc 
the waves of electric disphujcment in a dielectric ? 
It can be shewn to follow as a necessary consequence 
of Maxwell’s views as to the closed character of all 
electric currents, that waves of electric displacemont 
are transverse. Electric vibrations, like those of light, 
are in the wave front and at right angles to the direction 
of propagation ; they depend on the rigidity or quasi- 
rigidity of the medium through which they travel, 
not on its resistance to compression. 

Again, an electric current, whether due to varia- 
tion of displacement in a dielectric or to conduction 
in a conductor, is accompanied by magnetic force. 
A wave of periodic electric displacement, then, will 
be also a wave of periodic magnetic force travelling at 
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the same rate ; and Maxwell shewed that the direc- 
tion of this magnetic force also lies in the wave front, 
and is always at right angles to the electric displace- 
ment. In the ordinary theory of light the wave of 
linear displacement is accompanied by a wave of 
periodic angular twist about a direction lying in 
the wave front and perpendicular to the linear dis- 
placement. 

In many respects, then, waves of electric dis- 
placement resemble waves of light, and, indeed, as we 
procjced wo shall find closer connections still. Hence 
comes Maxwell’s electro-magnetic theory of light. 

It is only in dielectric media that electric force is 
propagnted by wave motion. In condiKJtors, although 
the third arul fourth of Maxwell’s principles given on 
])agc 1(S5 still arc true, the relation between the elecitric 
force and the electric current differs from that Avhich 
holds in a dielectric. Hence the equations satisfied 
by the force arc different. The laws of its propagation 
resemble those of the conduction of heat rather than 
those of the transmission of light. 

Again, light travels with different velocities in 
different transparent media. The velocity of electric 
waves, as has ])(^en stated, is equal to l/^/yaK; but 
in making this statement it is assumed tliat the 
simple laws Avhi(*h hf)ld where there is no gross 
matter- or, rather, Avhere air is the only dielec.tric 
with Avhich Ave are eoiu’.erned — hold also in solid or 
li(juid dielectrics. In a solid or a liquid, as in vacuo, 
the Avaves are propagated by the ether. We assume, 
as a first step toAvards a complete theory, that so far 
as the electric Avaves are concerned the sole effect 
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produced by the matter shews itself in a change of 
inductive capacity or of pejrneability. It is not likely 
that such a supposition should be the whole truth, 
and Ave may, therefore, expect results deduced from it 
to be only approximation to the true result. 

Now, electro-magnetic experiiuants show that, 
excluding magnetic substances, the poruicability of 
all bodies is very nearly the same, and differs very 
slightly from that of air. The inductive capacity, 
however, of different bodies is different, ind hence 
the velocity Avith Avhich elect lo- magnetic waves travel 
differs in different bodies. 

Hut the refraction of Avaves of light depends on 
the fact that light travels Avith different velocities in 
different media; hence we should ex23ect to liavm 
Avaves of electric displacement roHect ed and refracted 
when they pass from one dielectric, such as iiir, to 
another, such as glass or gutta-percha; moreover, 
for light the refractive index of a mo<lium such as 
glass is the ratio of the velocity in air tu the velocity 
in the glass. 

Thus the electrical refractiAm index of glass is the 
ratio of the velocity of electric Avaves in air to their 
velocity in glass. 

Now let Ko be the inductive capacity of air, that 
of glass, taking the permeability of air and glass to be 
the same, Ave have the result that— 

Electrical refractive index = -^/K, / K„. 

But the ratio of the inductive capacity of glass to 
that of air is knoAvn as the specific inductive cajiacity 
of glass, 
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Hence, the specific inductive capacity of any 
niediuin is equal to the square of the electrical refrac- 
tive index of that medium. 

Since Maxwell’s time the mathematical laws of 
the reflexion and refraction of electric waves have 
been investigated by various writers, and it has been 
shewn that they agree exactly with those enunciated 
by Fresnel for light. 

Hitherto we have been discussing the propagation 
of electric waves in an isotropic medium, one whicli 
has identical properties in all directions about a point. 
Let us now consider how these laws are modiiied if 
the dielectric be crystalline in structure. 

Maxwell assumes that the crystalline character 
of the dielectric can be sufficiently represented by 
supposing the inductive capacity to be different in 
different directions; experiments have since shewn 
that tliis is true for crystals such as Iceland 
Spar and Aragonite ; ho assumes also, and this, too, 
is justified by experiment, that the magnetic per- 
meability does not depend on the direction. It 
follows from these assumptions that a crystal will 
produce double refraction and polarisation of electric 
waves which fall upon it, and, further, that the laws 
of double refraction will be those given by Fresnel 
for light waves in a doubly refracting medium. 
There will be two waves in the crystal. The dis- 
turbance in each of these will be plane polarised ; 
their velocity and the position of their plane of 
polarisation can be found from the direction in which 
they are travelling by Fresnel’s construction exactly. 

Maxwell's theory, then, would appear to indicate 
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some close coniiectioii between elei tric v mvcs uhi } 
tliosti of light. Faraday's expcrimont''. on the rota- 
tion of the plane of polarisation by inagneticj for-'^e 
shew one phenomenon in which the two are oo.;- 
nected, and Maxwell endeavoured to apply his theory 
to explain this. Here, however, it bocituie lU'U^.ssary 
to introduce an additional hy[)ntliesis — tJiere. must 1)0 
some connection between the motion of tlie ether 
to wnich magnetic force is duo and that which con- 
‘stitntes light. It is impossible to give a nn'chanical 
accoriiit of the rotation of the plane of polarisation 
Avithout some assumption as to the relation between 
these two kinds of motion. Maxwell, therefore, 
^ supposes the linear displacements of a point in the 
ether to be those Avhich give rise to light, while the 
components of the magnetic force are connected Avith 
these in the same Avay as the com])onents of a vortex 
in a licpiid in vortex motion are connected Avith the 
displacements of t he li<juid. He fuither assumes the 
existence of a term of special form in the expression 
for the kinetic energy, and from these assumptions he 
deduces the laAvs of the propagation of polarised 
light in a magnetic field. These laws agree in the 
main Avith the results of Verdet s experiments. 
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CHAPTEK X. 

DEVELOPMENT OF MAXWELL'S THEORY. 

We have endeavoured in the preceding pages to give 
some account of Maxwell's contributions to electrical 
theory and the physics of the ether. We must now 
consider very briefly what evidence there is to support 
these views. At Maxwell's death such evidence, 
though strong, was indirect. His supporters were 
limited to some few English-speaking pupils, young 
and enthusiastic, who were convinced, it may be, in 
no small measure, by the affection and reverence with 
which they regarded their master. Abroad his views < 
liad made very little way. 

In the last words of his book ho writes, speaking 
of various distinguished workers — 

“There appears to be in the minds of these eminent men 
some prejudice, or a }mori objection, against the hypothesis of 
a medium in which the ])henomena of radiation of light and 
lieat, and the electric actions at a distance, take })lace. It is 
true tliat, at one time, those w})o speculated as to the causes of 
f>hysical f)hcn()mena w'crc in the habit of accounting for efich 
kind of action at a distance by means of a special letherial 
ilmd, whose function and property it was to produce these 
actions. They filled all space three and four times over with 
fethers of different kinds, the properties of which were in- 
vented merely to ‘save appearances,^ so that more rational 
enquirers were willing rather to accept not only Newton’s 
definite law of attraction at a distance, but even the dogma of 
Cotes,* tliat action at a distance is one of the primary pro- 
])erties of matter, and that no explanation can be more intel- 
ligible than this fact. Hence the undiilatory theory of light 
* Preface to Newton’s “ Principia,” 2n(t edition, 
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has met with much opposition, directed m t agaios^ its fail.irj 
•to exj^lain tJm phenomena, but against its assumption of the 
eKistencc of a medium in which light is propagated. 

“ Wc have seen that the mathematical expression for 
electro-dynamic action led, in the mind of (Jans/ lo the coi-- 
viclion that a theory of the propagation of electric action in 
time would he found to be tlie very key'St*j,m of electro- 
dynamics. Now we are unable to conceive of propagation in 
time, except either as the flight of a material substance through 
space or as the propagation of a condition oi motion, or stress, 
in a medium alread}" exi.sting in spav.e. 

“In the theory of Neumann, the malliematlcal conception 
(•ailed ])Otcntial, which we are unable to correeive as a material 
substance, is sui)posed to be projected from one particle to 
another in a manner which is quite independent of a inedinin, 
and wliic.h, as Neumann h.as liimself ]K)inted oo,t, is extremely 
(lilferent from that of the })rop}igati()n of light. 

“In the theories of Riemann and Herti it would appear 
that the action is su]i]K)sed to be ]>ro])ag*ited in a manner 
somewhat more similar to that of light. 

“ Rut in all of these theories the ({uestion naturally oc(mrs : — 
If something is transmitted from (»nc jjarticle to another d a 
distance, what is its condition after it has left one particle and 
before it has reached the other ? If this something is the 
potential energ)" of the two particles, as in Neumann’s theory, 
how are wc to conceive this energy as existing in a point of 
sj)acc, coinciding neither with the one particle nor wdtli the 
other? In fact, whenever energy is transmitted from one body 
to another in time, there must be a medium or sub.st-ance in 
wliich the ciun-gy exists after it leaves one body and before it 
reaches the other, for energ^p. as Torricelli* i’(nnarked, ‘is a 
(prmtes.sonce of so subtle a nature that it (Cannot be contained 
in any vessel cxce}»t tlic inmost substance of material things.’ 
Hence all these theories lead to a C()nee])tion of a inediam in 
which the propagation takes jdace, and if we admit this 
medium as an hypothesis, 1 think it ought to occiijiy a pro- 
minent jdace in our investigations, and that we ought to 
* “ Lezioni Accademiche ” (Firenze, 1715), p. 25, 
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endeavour to construct a mental rej)resentation of all the • 
details of its action, and this has been iny constant aim in this? 
treatise/’ 

Let iis see, then, what were the experimental 
grounds in Maxwell’s day for accepting as true his 
views on electrical action, and how since then, by the 
genius of Heinrich Hertz and the labours of his 
followers, those grounds have been rendered so sure 
that nearly the whole progress of electrical science 
during the last twenty years has consisted in the 
development of ideas which are to be found in the 
“Treatise on Electricity and Magnetism.” 

Tlie purely electrical conse(|uences of Maxwell’s 
theory were of course in accord with all known elec-^ 
trical observations. The e(j nations of the field ac- 
(iouiited for the electro-magnetic forces observed in 
various experiments, and from them the laws of electro- 
magnetic induction could bo correctly deduced ; but 
there was nothing very special in this. Similar e(jua- 
tions had been obtained from the theory of action at 
a distance by various writers ; in fact, llehidioltz’s 
theory, based on the most general form of exj^ression 
for the force between two elenients of current con- 
sistent with certain experiments of Ampere’s, was 
more general in its character than Maxwell’s. The 
destructive features of Maxwell’s theory were : 

(1) The assumption that all currents flow in closed 
circuits. 

(2) The idea of energy residing throughout the 
electro-magnetic field in consequence of the strains 
and stresses set up in the electro-magnetic medium 
by the actions to which it was subject. 
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(3) the identification of this uIcotro-’Angnetic 
medium w'ith the luminiferous ether, and the con- 
sequent view that light is an electro-magnetic 
phenomena. 

(4) The view that electro-magnetic foi.'cs arise 
entirely from strains and stresses set up in ihe other: 
the electro-static cliarge of an insulated (conductor 
being one of the forms in which the ether strain is 
manifested to us. 

(5^ A dielectric under the action of electric force 
is said to become polarised, and, according to Maxwell 
(vol. i. p. 133), all electrification is the residual effect 
of the polarisation of the dielectric. 

^ Now it must, I think, be admitted that in Max- 
well’s day there was direct proof of very few of these 
propositions. No one has oven yet so measured the 
displacement currents in a dielectric as to sliow that 
the total flow across every section of a circuit is at 
any given moment the same, though there are other 
experiments of an indirect character which have now 
completely justified Maxwell’s hypothesis. Experi- 
ments by Schiller and Von Helmholtz prove it is 
true that some action in the dielectric must be taken 
into consideration in any satisfactory theory; they 
therefore upset various theories based on direct action 
at a distance, “ but they tell us nothing as to whether 
any special form of the dielectric theory, such as 
Maxwell’s or Helmholtz’s, is true or not.” (J. J. 
Thomson, Report on Electrical Theories,^’ B.A. Re- 
port, 1885, p. 149.) 

When Maxwell died there had been little if any 
experimental evidence as to the stresses set up in a 
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body by electric force. Fontana, Govi, and Outer 
had all observed that changes take place in the 
volume of the dielecttric of a condenser when it is 
charged. (Juinckc had taken up the work, and the 
first of his classic papers on this subject was published 
in 1(S80, the year following Maxwell’s death. Maxwell 
hims(df was fond of shewing an expcrinient in which 
a charged insulated sphere was brought near to the 
surface of paraffin ; the stress on the surface causes a 
heaping up of the paraffin under the sphere. 

Kerr had shewn in 1875 that many substances 
become doubly refracting under electric stress ; his 
conipl(‘Xe det ermination of the laws of this action was 
published at a later date. 

As to direct measurements on electric waves, there 
were none ; the value of the vc^locity Avith Avhich, if 
Maxwell’s theory wiu'c true, they must travel had 
been determinejl from ol(‘ctrical observations of quite 
a dilferent, character. Weber and Kohlrausch had 
measured the value of K for air, for which is unity, 
and from their observations it follows that the value 
of the wave velocity for electro-magnetic waves is 
about 31 X 10^ centimetres per second. The velocity 
of light was known, from the experiments of Fizeau 
and Foucault, to have about this value, and it Avas the 
near coincidence of these tAvo values Avhich led Max- 
Avell to Avritc in 1864 : — 

“Tlic agreement of the results seems to shoAv that 
light and magnetism are affections of the same 
substance, and that light is an electro-magnetic 
disturbance propagated througli the field according 
to electro- magnetic laWvS.” 
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By the UTne the iirst edition of the “Eh etneity 
*ard Magnetism ” was publislieJ, Maxwell and Thomson 
(Lord Kelvin) had both made determinations of K, 
and had shewn that fur air at least the resiilthig vaiiic 
for the velocity of elecitro-magnetic waves 'Ms very 
nearly that of light. 

For other substances at that date the observations 
were fewer stil). Gibson and Barclay had determined 
the specitic inductive capacity of paraffin, and found 
that its scpiare root was 1*405, while its refnictl\e index 
for long waves is 1*422. Maxvsreil himself thought 
tliat if a similar agreement could be shewn to hold 
for a number of substances, we should be warranted 
in concluding that ‘‘ the square root f)f K, though it 
may not be the complete expression for the index of 
refraction, is at least the most iinj)ortan. term in it.” 

Between this time and Maxwells death enough 
had been done to more than justify this statement. 
It was clear from the observations of Boltzmann, 
Silow, Hopkiiisou, and others that there were many 
substances for which the square root of the specific 
inductive capacity was very nearly indeed equal to 
the refractive index, and good reason had been given 
why in some cases there should be a considerable 
difference between the two. 

Hopkinson found that in the case of glass the 
differences were very large, and they have since been 
found to bo considerable for most solids examined, 
with the exception of paraffin and sulphur. For 
petroleum oil, benzine, toluene, carbon-bisulphide, and 
some other liquids the agreement between Maxwell’s 
theory and experiment is close. For the fatty oils, 
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such as castor oil, olive oil, sperm oil, neatsfoot oil, 
and also for ether, the differences arc considerable. 

It seems probable that the reason for this difference 
lies in the fact that, in the light waves, we are dealing 
with the wave velocity of a disturbance of an ex- 
tremely short period. Now, we know that the sub- 
stances mentioned shew optical dispersion, and we 
have at present no completely satisfactory theory from 
which we can calculate, from experiments on very 
short waves, what the velocity for very long waves 
will be. In most cases Cauchy’s formula has been 
used to obtain the numbers given. The value of K, 
however, as found by experiment, corresponds to these 
intinitcly long waves, and to cjuotc Professor J. J. 
Thomson’s words, “ the marvel is not that there 
should not be substances for which tlie relation K 
fT docs not hold, but that there should be any for 
which it does.” * 

It has been shewn, moreover, both b}^ Professor J. 
rl. Thomson himself and by Blondlot, that when the 
value of K is measured under very rapidly varying 
electrifications, changing at the rate of about 25,000,000 
to the second, the value of the inductive capacity for 
glass is reduced from about 6*8 or 7 to about 2*7 ; the 
square root of this is 1*6, which does not differ much 
from its refractive index. The values of the inductive 
capacity of paraffin and sulphur, which it will be 
remembered agree fairly with Maxwell’s theory, were 
found to be not greatly different in the steady and 
in the rapidly varying field. 

On the other hand, some experiments of Arons 

* In Ilia S('ntenco jj. stands for the refractive index. 
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and Rubens in rapidly varyin*,^ fields hiad to values 
'vliicli do not dilier greatl}^ jroTii those given by other 
methods. The theory, however, of these ex]>eriijients 
seems open to criticism. 

7o attempt anything hke a (}on»plctc ..ccount oi 
modern verifications of Maxwell’s views and modern 
developments of his theory is a task beyond our 
limits, but an ac(ioimt of Maxwell written in 1S95 
wouhi be incomplete without a reference to the work 
'of Heinrich Hertz. 

Maxwell told us what the properties of electro- 
magnetic waves in air must be. Hertz* in 1 887 enabled 
us to measure those proj^ertios, and the measurements 
have verified completely Maxwell’s views. 

The method of producing electrical oscillations in 
a conductor had long been known. Thomson and Va)Ji 
Helmholtz had both pointed it out. Schiller had 
examined such oscillations in 1874, and had detc'r- 
mined the indiKitivo capacity of glass by their means, 
using oscillations whose ])eriod varied from •()()()05() to 
•()()() 1 2 of a second. 

These oscillations were ])roduced by discharging 
a (jondenser through a coil of wire having self- 
induction. If the electrical resistance of the coil be 
not too great, the charge oscillates l)a(tkwards and 
forwards between the plates of the condcaiser until its 
energy is dissipated in the heat produced in the wire, 
and in the electro-magnetic radiations which leave it. 

The period of these oscillations under proper 
conditions is given by the formula T = 2 tt -^/ ^ ' L where 

* Hertz’s papers have been translated into English by D. E. Jones, 
and are published under the title of Electric Waves. 
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L, the eoeiiicieiit of self induction, and (/ the capa<aty 
of the condenser. These quantities can be calculated, 
and hence the time of an oscillation is known. From 
such an arrangement waves radiate out into space. If 
wo could measure by any method the length of such a 
wave we could determine its velocity by dividing the 
wave lenglli by the period. But it is clear that since 
the velocity is comparable with that of light the wave 
length will be enormous, unless the period is very 
short. Thus, a wave, travelling with the velocity of 
light, whose period was ‘0001 second, such as the 
waves Schiller worked with, would have a length of 
•0001 X ;i(), ()()(), 000, OOO or 8,000,000 centimeti’cs, and 
would he ((uite unmeasurable. Before measurements 
on electric waves could be made it was necessary (1) 
to ])roclu{*.o waves of sufficiently rapid period, (2) to 
devise nuains to detect them. This is what Hertz did. 

Tlui wave length of the electrical oscillati(Uis 
can Ik; reduced by reducing either the electri(‘,al 
capacity of the system, or the coefficient of scit- 
inductio]! of the wire. Hertz a(lo))tcd holh tliese 
('xp(;dicuts. His vibrator, in some of his nioiK; im- 
portant exj>erime?its, (ionsisted of two s(piare brass 
plates 40 cm. in the side. To eacli of these is attaclud 
a piece of copper wire about 80 cm. in length, and caeffi 
wire ends in a small highly-polished brass ball. The 
])lat(‘S are placed so that tin; wires lie in the same; 
straight line, the. brass balls being separated by a vci y 
small air gap. The two plates iivo then (duirgcd, th<' 
one positively the other negatively, until the insiilat ion 
resistance of the air gap brtKiks down and a dischai-gt; 
passes across. Under these conditions the discharge 
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is oscilliitoiy. It docs no*^ connst ui* a single spark 
blit of a series of sparks, Avbicli pass and repass ::i 
opposite directi<*i)S, iindl the energy ot the origiua' 
cha^'ge is radiated into space o:' dissijiated as liea. , 
tlie ))lates arc then rec'harged and the pr(>eess repcriUMl. 
In Hertz’s experiinents tlie os-dliiUor v '*hnigcd by 
being connected to the secondary tenniiials ol’ jiii 
indn. tion coil. 

In 1888 ih’ofessor Fitzgerahl liao called attention 
U> this method of producing electric waves in air, and 
had given two metres as the minimnrn wave length 
winch might be attained. In 1870 Herr von Ht^zokl 
Inid actually made ohserva lions on the pro[)agation 
and ro(le('tion of electrical oscillations, but his work, 
j3uhlished as a preliminary communication, liad at- 
tracted little notice. Hertz was the tirst to nndortak(^ 
in 1887 in a systematic manner the investigation of 
the electric waves in air which jiroceed from sucl‘ an 
oscillator with a view to testing various theories of 
elec t ro -in agno t ic ac tion. 

It remained, however, necessary to devise an 
ap]>aratiis for detecting the waves. When the wavers 
arc incident on a conductor, electric surgiiigs ar(i set 
up in the conductor, and may, under proper eonditions, 
be observed as tiny sparks. Hertz used as his de- 
tector a loop of wire, the ends of Avhicli tormina, te( I in 
two small brass halls. The Avirc Avas bent so that the 
halls Avere very close togcth(i’, and the sj)a,i‘ks could 
he seen passing across the tiny air gap which scjairated 
them. Such a Avire will have a delinite period of its 
OAvn for oscillations of clf^c tricity Avith Avhich it may 
be charged, and if the freipicney of the electric Avaves 
N 2 
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which fall on it agrees with that of the waves which 
it can itself emit, the oscillations which are set up in 
the wire will be stronger than under other conditions, 
the sparks seen will be more brilliant * Hertz’s re- 
sonator was a circle of wire thirty-five centimetres in 
radius, the, period for such a resonator would, he 
calculated, be the same as that of his vibrator. 

There is, however, very considerable difficulty in 
determining the period of an electric oscillator from its 
dimensions, and the value obtained from calculation 
for that of Hertz’s radiator is not very trustworthy. 
The complete period is, however, comparable with two 
one hundredth millionths of a second : in his original 
papers, Hertz, through an error, gave a value greater 
than this. 

Wilh these arrangements Hertz was able to detect 
the presence of electrical radiation at considerable 
distances from the radiator; he was also able to 
measure its wave length. In the case of sound waves 
the cxistencje of nodes and loops formed under ])ropcr 
conditions is well known. When waves are directly 
reileched from a flat siirfac.e, interference takes plaice 
between the incident and reflected waves, stationary 
vibrations are set np, and nodes and loops — places, that 
is, of minimum and of maximum motion respectively — 
are formed. The ])ositiou (»t* these nodes and loops 
(.*an he determined by the aid of suitable aj)paraJjis, 
and it. can be shewn that the distance between two 
consecutive nodes is half the wave length. 

* Some of the fonsi'cpienceB of this electrical resonaiu (* have 
hcon very RtrilciTm:lv shown hy Professor Oliver Lod^a*. iScn JVafKrr, 
Fehruary 20th, 1S90. 
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Similarly when electrical vibraxions fiiil on a re- 
flector, a large flat su»*face of metal, for exampL, 
statioiiary vibrations dne to the interference between 
the incident and reflected waves arc produced, and 
tbeso give lise t.o electrical nodec and joops. The 
position of sucb nodes and loops can toninl by the 
use of Hertz’s apparatus, or in othc** ^vays, and hence 
the lenglli of tlie electrical waves can be found. The 
exl.sti iK'e of the nodes and lo{)p;i shews that the 
electric ottects arc propagated l)y wave motion. The 
length ()[ (he waves is found to be dctinite, since the 
nodes and loops I’ecur at ccpial intervals apart. 

If it be assumed that the fro(juency is known, the 
velocity of wave ])ropagatiou eai). be determined. 
Hertz found from his cx 2 )erimeuts that in air the 
waves travelled with the velocity of light. It appears, 
liowevcr, tliai there were two errors in the (tahailation 
wliich happened to (jorrect each oilier, so (liat neither 
the value of the frecpieiKjy given in Hertz’s jiaper 
nor the wave length oiiservcd is correct. 

lly modifying tlie apparatus it was possible to 
measure th(i wave length of the waves transmitted 
along a cojijicr wire, and hence, again assuming the 
])eriod of oscillation, to calculate the velocity of wave 
propagation along the wire. Hertz made the experi- 
ment, and found from his first observations that the 
waves were propagated along the wire with a finite 
velocity, but that the velocity diflered from tliat in 
air. The half-wave length in the ^vire was only about 
2*8 metres ; that in air was about 4*5 metres. 

Now, this experiment aftbrded a crucial test 
between the theories of Maxwell and Von Helmholtz. 
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According to the former, the waves do not travel in 
the wire at all ; they travel through the air alongside 
the wire, and the wave length observed by Hertz 
ought to have been the same as in air. According to 
Von Helmholtz, the two veloeities observed by Hertz 
should have been different, as, indeed, they were, and 
tlie experiment appeared to prove that Maxwell's 
tlioor}* was insufficient and that a more general one, 
such as that of Von Helmholtz, was necessary. But 
other experiments have not led to the same result. 
Hertz himself, using more rapid oscillations in some 
later measurements, found that the wave length of 
the elo(iti’ic waves from a given oscillator was the 
same wdietlier they were transmitted through free 
space or conducted along a wire.* Lecher and J. J. 
Thomson have arrived at the same result; but the 
most complete experiments on this point arc those of 
Sarasin and l)e la Rive. 

It may be taken, then, as established that;. 
Maxwell’s theory is sufficient, and that the greater 
generality of Helmholtz is unnecessary. 

In a later paper Hertz showed that electric 
waves could be reflected and refracted, polarised and 
analysed, just like light weaves. In his introduction 
to his “ Collected Papers” he writes (p. 19) : — 

“Casting now a glance backwards, we see that by the 
experiments above sketidied the propagation in time of a 

lliriz's oi'ii'iiiiil results wore no douLt .'dVcitod by waves 
rt;ll<Htt*d from th(3 walls and lloor of the ro(»m in which he worked. 
An iron stove also, w’hich was near his apparatus, maj' have had 
u disturhing influenee; hut for all this, it is to his genius and his 
hrilliant achievements that the comijlete estahlishment of Maxwell’s 
theory is due. 
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supposed action at a distance is li.<r t.iic tirst diiie prove 1. 
This fact forms the pliilosophic result of tthe experiments, un ’ 
indeed, in a certain sense, the most important result. Tiie 
proof includes a rucof'nitiun of iLj fact that the ( lectiic for^Ts 
can disentangle theinselves from material bodier. and (..in 
continue to subsist as conditions or chniiges in the state of 
space. The details of the ex})eriinc nts fiirth.r prv>ve liait the 
particular manner in which tlnj electric fo:- c is proj)agaU!(l 
exhibits the closest analogy with, the propagation of light ; 
indeed, that it corresponds almost c(hopletely to it. The 
hypothesis that light is an clectrkvd phenoinemm is thus made 
highly ])robable. To give a strict proof of this hypothesis 
would logically recjuire ex2)eriments upon light itself. 

“What we here indicate as having been accomplished by 
the experiments is accomplished indc}>cndenLl> of the correct- 
ness of i)articnlar theories. Ncvertiieless, tliei*e is jin ol)vious 
connection between the cxi>eriinents and the tlieory in connec- 
tion with which they \vere really undertaken. Sin(‘e the year 
1861 science has been in ])ossession of a theory which Maxwell 
constructed ui)on Faraday’s views, and wliich wc therefore 
call the Faraday- Max well theoi-y. This theory ullinns the 
l)0ssibility of the class of 2)lienomena here discovered just as 
positively as the remaining electrical theories are coni] k' 1 led 
to deny it. From the outset Mnx well’s theoiy excelled all 
others in elegance and in tlie abundance of the relations 
between the various iihenomena which it iiu^ludcd. 

“The probability of this theory, and therefore the number 
of its adherents, increased from year to year. Jlut as long as 
Maxwell’s theory deiicnded solely ii2)on the jirobability of its 
results, and not on the certainty of its hypotheses, it could not 
comjdetely displace the theories which were ojijiosed to it. 

“The fundamental hypotheses of Maxwells tlieory con- 
tradicted the usual views, and did not rest upon the evidence 
of decisive exi)eriments. In tliis connection ^\e can best 
characterise the object and the result of our experiments by 

* The analogy does not consist only in tlie agreoinent between 
the more or leas accuratel)' measured velocities. The aj>proximately 
equal velocity is only one element among many others. 
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saying : The ol)jcct of these experiments was to t^st the 
fundamental hypotheses of the Faraday-Maxwell theory, and 
the result of the experiments is to confirm tl)e fundamental 
hypotheses of the theory.” 

Since MaxwoU’s death volumes liave been written 
on electrical questions, which have all been inspired 
by his work. The standpoint from which electrical 
theory is regai'ded has been enfirely ('-hanged. The 
greatest masters of mathematical pliysics have found, 
in the development of Maxwell’s views, a task that 
called for all tbeir powers, and the harvest of new 
truths which has been garnered has proved most rich. 
But while this is so, the question is still often asked, 
Wliat is Maxwell’s theory ? Hertz himself conciludfjs 
the introduction just referred to with his most in- 
teresting answer to this (juestion. Prof. Boltzmann 
has iriadc the theory the subject of an important 
course of lectures. Boimiare, in the introduction to 
his “ Lectures on Maxwell’s Theories and the Electro- 
magnetic Theory of Light,” expresses the difficulty, 
which many feel, in understanding what the theory is. 
“ The first time,” he says, “ that a French reader opens 
Maxwell’s book a feeling of uneasiness, often even of 
distrust, is mingled with his admiration. It is onl}" 
after prolcmged stud}^ and at the cost of many efforts, 
that this fooling is dissipated. Some great minds 
retain it always.” And again he Avrites ; ‘‘A French 
sdvant, one of those who have most completely 
fathomed Ma.xwell’s meaning, said to me once, ' I 
understand everything in the book except what is 
meant by a body charged Avith electricity.’” 

In considering this question, Poincar(5’s own 
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remark* — “ Maxwell does not give ii meelianical ex- 
planation of electricity and magnctlsrri, lie is only 
concerned to show that such an explanation is 
possible” — is most important. 

Wc cannot find in the '‘Electricity ” aii answer to 
the question — What is an electric charge ? Maxwell 
did not pretend to know, and the nttcmitt to give too 
great definiteness to his views on this })oini is apt. to 
lead to a inisconception of wln-t th(»sc views were. 

On the old theories of action at a distance and of 
electric and magnetic fluids attracting according to 
known laws, it was easy to be mechanical. It was only 
necessary to investigate the manner in which such 
fluids could distribute themselves so as to be in equi- 
librium, and to calculate the forces arising from the 
distribution. The problem of assigning such a 
mechanical structure to the ether as will permit of 
its exerting the action which occurs in an electro- 
magnetic field is a harder one to solve, and till it is 
solved the question — What is an ehnitric charge ? — 
must remain unanswered. Still, in order to grasp 
Maxwell’s tlnjory this knowledge is not necessary. 

The properties of ether in dielectrics and in con- 
ductors must be quite diflerent. In a dielectric the 
ether has the power of storing energy by some change 
in its configui’ation or its structure ; in a conductor this 
power is absent, owing probably to the action of the 
matter of which the conductor is composed. 

When we are said to cliarge an insulated conductor 
we really act on the ether in the neighbourhood of the 
body so as to store it witli cnerg}^; if there be another 
conductor in the field wc cannot store energy in the 
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ether it contains. As, then, we pass from the 'outside 
of this conductor to its interior there is a sudden 
change in some mechanical quantity connected with 
the ether, and this change shows itself as a force of 
attraction between the two conductors. Maxwell 
called the change in structure, or in property, which 
occurs when a dielectric is thus stored with electro- 
static energy, Electric Displacement ; if we denote 
it by 1), then the electric force II is equal to 47rl)/K, 
and lienee the energy in a unit of volume is 27rl)7h, 
where K is a quantity depending on the insulator. 

Now, 1), the electric displacement, is a quantity 
Avhich has direction as well as magnitude. Its value, 
therefore, at any point can be represented by a straight 
line in the usual way; inside a conductor it is zero. 
The total cliange in D, which takes place all over 
the surface of a conductor as we enter it from the 
outside measures, according to Maxwell, the total 
charge on the conductor. At points at which the 
lines representing I) enter the conductor the charge 
is negative; at points at which they leave it the 
chaige is jiositive; along- the lines of tlie displacement 
there exists throughout the ether a tension measured 
by 27rl)“/K; at right angles to these lines there is 
a pressure of the same amount. 

In addition to the above the components of the 
displacement I) must satisfy certain relations which 
can only be expressed in mathematical form, the 
physical meaning of which it is difficult to state in 
non-mat, heinatical language. 

When these relations are so expressed the problem 
of tinding the value of the displacement at all points 
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of space becomes determinate, and tlie fy rces acting 
on the conductors can be obtained Moreover, 
total change of displacerneiit oi\ entering or leaving 
a conductor can be calculated and this gives ii>’3 
quantity which is known as the total elc'C«rical charge 
on the conductor. The forces obtained by the above 
method are exactly the same as those which would 
exist if we supposed each conductor to be charged in 
the ordinary sense with the quantities just found, and 
to attract or repel according to the ordinary laws. 

If, then, we define electric displacement as that 
change which takes place in a dielectric when it 
becomes the seat of electrostatic energy, and if, 
further, we suppose that the change, whatever it be 
mechanically, satisfies certain well-known laws, and 
that in consequence certain pressures and tensions 
exist in the dielectric, electrostatic problems can be 
solved without reference to a charge of electricity 
residing on the conductors. 

Something such as this, it appears to me, is Max- 
well’s theory of electricity as applied to electrostatics. 
It is not necessary, in order to understand it, to know 
what chang*c in the ether constitutes electric displace- 
ment, or what is an electric charge, though, of course, 
such knowledge would render our views more dotiuite, 
and would make the theory a mechanical one. 

When wo turn to magnetism and electro-mag- 
netism, Maxwell’s theory develops itself naturally. 
Experiment proves that magnetic induction is con- 
nected with the rate of change of electric displace- 
ment, according to the laws already given. If, then, 
we knew the nature of the change to which the name 
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electric displacement” has been given, the nature of 
magnetic induction would be known. The difficulties 
in the way of any mechanical explanation are, it 
is true, very great ; assuming, however, that some 
mechanical conception of “electric displacement” is 
possible. Maxwell’s theory gives a consistent account 
of the other phenomena of electro-magnetism. 

Again, we have, it is true, an electro-magnetic 
theory of light, but we do not know the nature of the 
change in tlic ether which affects our eyes with tlie 
sensation of light. Is it the same as electric displace- 
ment, or as magnetic induction, or since, when electric 
displacement is varying, mfigiictic induction always 
accompanies it, is the sensation of liglit due to the 
combined effect of the two ? 

These questions remain unanswered. It may bo 
that liglii is ncitlj(‘r electric displacement nor magnetic 
induction, but some quite different periodic change of 
structure of the ether, which travels through the 
ether at the same rate as these (piantities, and obeys 
many of the same laws. 

In this respect there is a material difference be- 
tween the ordinary theory of light and the electro- 
magnetic theory. The former is a mechanical theory ; 
it starts from the assumption that the periodic change 
which constitutes light is the ordinary linear dis- 
jdacement of a medium — the ether — having certain 
mechanical properties, and from those properties it 
deduces the laws of optics with more or less success. 

Lord Kelvin, in his labile ether, has devised a 
medium which could exist and which has the 
necessary mechanical properties. The periodic linear 
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displaceiDcnts of the labiJ^'i ethor would obey the laws 
of light, and from the fundamental hypotheses of the 
theory, a nieclianical expliMiation, reasonably satis- 
faetory in its main features, can he given of most 
purely optical phejiomena. The relations between 
light and electricity, or light and nrignetLsrn, arc not, 
however, touched by this tiieiwy : indeed, they canm t 
be touched without making some assumption as to 
what electric displaccTuent is. 

In recent years various suggestions have been 
made as to the nature of the change which constitutes 
electric displacement. t)ne theory, due to Yon Helrn- 
lioltz, supposes that the electro-kinetic momentum, or 
vector potential of Maxwell, is actually the in omen- 
tum of the moving ether ; accordinn’ to another, sug- 
gested, it would appear originally in a crude form 
by (Jhallis, and developed within the last few months 
in very satisfactory detail by Larinor, the vel')city 
of the ether is magnetic force; others have been 
devised, but we arc still waiting for a se(;ond Newton 
to give us a theory of the ether which shall include 
the facts of clecttricity and magnetism, luminous radi- 
ati(.)n, and it may be gravitation.* 

Meanwhile we believe that Maxwell has taken the 
iirst steps towards this discovery, and has j>ointod out 
the lines along which the future discov('rer must dircjct 
his search, and hence we (daim for him a foremost 
place among the leaders of this (uuitury of science. 

* For a very suggestive account of some po.s'‘il>l(^ theories, reference 
Iioiild be made to Ihe presidential address of I’nd'essor W. M. flicks 
to Section A of the British Association ;it Ipswich in i sor). 
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Dorr'll I>a&te*s IhfeniO, Illustrated 
bv Gustave DorE. Large 4to 
Edition, cloth, gilt, 21s. 

Dor6^8 Dantes Purgatory and Para- 
dise, Illustrated by Gustave Dor£ 
Cheap Ediiion. 7s. 6d. 

Oort's milton's Paradise Lost Illus- 
trated by DorA. 4to, 21 S. Popular 
Edition. Cloth or buckram, 7s. 6d. 
Cheap Edition. In One Vol , 12s. 6d. 

Duke Decides, The. By Headon 
Hill. Illustrated. 6s. 

Earth's Begiimisg, The. By Sir 
Robert Ball, LL.D. Illustrated. 
7s. 6d. 

Earth, Our, and its Story. By Dr. 
Robert Brown, F.L.S. with 
Coloured Plates and numerous En- 
gravings. Cheap Edition, Three 
Vols., 5s. each. 

Eg^t: DesoriptlYe, Historical, and 
Picturesque. By Prof. G. Ebeks. 
With 800 Original Engravings. 
Popular Edition. In Two Vols, 42s. 

Elecmoity, PraoUcal By Prof. W. 
E. Ayrton, F.R.S. New and 
Enlarged Edition, 7s. 6d, 

Empire, The. Containing nearly 700 
Splendid full-page Illustrations. 
Complete in Two Vols. 9s. each. 

Encyclopsedlc Dictionary, The. In 
7 Vols,, half-morocco, 7s. per 
set. Supplementary Volume, cloth, 

7S. 6d. 

England and Wales, Pictorial With 
upwards of 320 Illustrations from 
Photographs. 9s. 

England A History of. From the 
Landing of Julius Caesar to the 
Present Day. By H. O. Arnold- 
Forster, M.A. Fully Illustrated, 
Ss. Cloth gilt, gilt edges, 6s. 6d. 

EiigU8hDiotjjbnary,CasseIl’a Giving 
Definitions of more than xoo,ooo 
Words and Phrases, rs. 6d. 

Engliah Hlatory, The Dictionary oL 
Edited Sidney Low. B.A., and 
Prof. F. S. Pulling, M. A. 73. 6d. 

En^diah Idteratnre, tferley's Pint 
aketoh oL 'ts. 6(L 

EngUrii Literature, The Story o£ 

By Anna Buckland. 3s. 6d. 

EngUsh PeroUlaln. By W. Burton. 
With 83 Plates, including 35 in 
Colour, 63s. net. 


English Writers. By Prof. Henry * 
Morley. Vols. I. to XL, ss. feach. 
Familiar Bntterfiies , and Moths. 
By W. F. Kirby, ^i'.L.S, With, 
18 Coloured Bates. 65. « 

Familiar Wild Birds. ByW. Sways- 
land. With Colours Pictures by 
A. Thorburn and others. Cheap 
Edition, Four Vols,, 3s. 6d. each. 
Family Doctor, Cassell’a By A 
Medical Man. Illustrated. 6s. 
Family lawyer, OasseD's. By A 
Barrister-at-Law. los. 6d. 
Father fitaSbrd. By Anthony 
Hope. 6d. 

Field Hospital, The Tale of a. By 
Sir Frederick Treves, Bart., 
K.C.V.O., C.a, F.R.C.S. With 
X4 Illustrations.^ ^ Leather. 6 s. 
Field Naturalist's Handbook, The. 
By the Revs. J. G. Wood and 
Theodore Wood, as. 6d. 

Flame of Fire, A, By Joseph 
Hocking. 3s. 6d. 

Franoo-Oerman War, Cassell's His- 
tory of the. Complete in Two 
Vols. Containing aTOut 500 Illus- 
trations. Cheat Edition, 6s. each. 
French Faience. By M. L. Solon. 
Edited by W. Burton. With 24 
Plates in Colours and numerous 
Black and White Plates. 30s. net. 
Limited to i,aoo copies. 

Fruit Growing, Fiotorial Practical. 
By W. P. Wright. Illustrated. 
Paper covers, is. ; cloth, is. 6d. 
Garden Flowers, Familiar. By F. 
Edward Hulme, F.L.S., F.S.A. 
With 200 Full-page Coloured Plates. 
Cheap Edition. In Five Vols,, 
3s. 6d. each. 

Garden of Swords, The. By Max 

Pemberton. 6s. 

Gardener, The. Yearly Volume. Pro- 
fusely Illustrated. 7s. 6d. 
Gardening, Pictorial PracUcaL By 
W, P. Wright. With upwards 
of 140 Illustrations. Paper covers, 
IS. ; cloth, IS. 6d. 

Gazetteer of Great Britain and Ire- 
land, OasseU'a With numerous 
Illustrations and 60 Maps. Six 
Volf., etch. 

Giant's Gate, Tha By Max Pbii- 

BERTON. 66. 

Girl at Cehhurst^ Tha By Fram^ 

Stockton. 3s. 6d 
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Gladstone, wumm Bma% TUa JMb 
ot £dited*by Sir Wemyss Rmo. 
JUustrated. 7s. 6(1 Superior 
EdiHon, in Two Vols. os. 

Glad^v Fane. A Stoiy of Two Lives. 

Sir Wemyss Reid. 35. 6d. 

COeaailiigs from Popular Authors. 

Illustrated. Cheap Sditim, 3s. 6d. 

GroenliouBe Hanasremeat, Plo* 
torial By Waiter P. Wright, 
Editor of ‘*Th6 Gardener," &c. 
With nearly 100 inustrations. Paper 
covers, is. ; cloth, la dd 

QuUiver’s Travala. With upwards 
of 100 Illustrations New Fim* 
Art Edition^ 7s. 6d. 

Qua and its BoYOlopment^ The. 
By W. W. Gre&ner. With 500 
Illustrations. Entirely New Edu 
tion, tos. 6d, 

Oun-Room Bitty BoZi A. By G. 
Stewart Bowles. With a Pre- 
face by Rear - Admiral Lord 
Charles Beresford. as. 

QRndyniaa*s Book, The, of Toole, 
MaterlRlB, and Frocessea em- 
ployed in Woodworking. Edited 
by PAUL N, Hasluck, With 
about a, 500 Illustrations. 9s. 

Heavene, The Story of the. By Sir 
Robert Ball, LL.D. With 
Coloured Plates. Popular Edition . 
los. 6d. 

Her Majesty*8 Tower. By Hep- 
worth Dixon. With an Intro- 
duction by W. J. Loftie, B.A., 
F,S.A., and containing i6 Coloured 
Plates specially prepared for this 
Edition by H. E. TiDMAnsH. 
Popular Edition, Two Vols., 12s. 
the set. 

Heroes of Britain in Peace and 
War. With 300 Original Illustra- 
tions. Cheap Edition, Complete 
in One VoL 3s. 6d. 

Holbein's ** Ambassadors " Unrid- 
dled. The Counts Palatine Otto 
Henry and Philipp. A Key to 

, other Holbeins. By William 
Frederick Dickes. Illustrated, 
xos. 6d. net. 

Houghton, Lord : The Life, Letters, 
and Friendships of Blchard 
Monbkton MUnes, First Lord 
Houghton. By Sir Wemyss Reid. 
IdTwoVoIs. .witbTwo Portraits. 32s. 

Hygiene and Public Health. By B. 

ARTHUR WBITBLBGGE,M.D.7a6d. 


la; A Love Story. A. T. 

Quoler^ouch (Q). 
Xupregnable City, fm. By Max 
PEMBERtOH. 38. 

India, oasseHHi &thry di: in One 
Vol CheM Edition, IBustrSted. 
7S. 6d. 

Indian Our Baetem impire* By 
Philip Gibbs. With 4 Coloured 
Plates and nameiot;^ Illustrations, 
as. ^d. 

In Royal Purple. By William 
PiOOTT. 6s. 

Iron Pirate, TBe. By Max Pember- 
ton. 3S. 6d. People's Uditim^ 6d. 
John Oayther's Garden. By Frank 
Stockton, 6s. 

Kate Bonnet: The Romance of a 
Pirate's Daughter. By Frank 
R. Stockton. With 8 lUusba- 
tiona 6a 

Kidnapped. By R. L. Stevenson. 

3s. 6d, Pecple's Edition^ 6<1 
Kilogram, The Coming of the ; or, 
The Battle of the Standards. By 

H. O. Arnold-Forster. M.A. 
Illustrated. C' cap Edition, 6d. 

King Solomon’s Mines. By H. 
Rider Haggard. Illustrated. 
3s. 6d. Peoplds Eduion, 6d. 
Kronstadt By Max Pemberton. 65. 
Ladies* Fhyidcian, The. By A 

I. 0ND0N Physician. 3s. 6d. 
Laird’s Luck, The, and other Fireside 

Tales. Ey A. T. Quiller-Couch 
(Q). 6s. 

Land of the Dons, The. By 
Leonard Williams, late Times 
Correspondent at Madrid, Author of 
'* Ballads and Songs of Spain," &c. 
With about 42 Illustrations, z55.net. 
Landels, William, D,D. A Memoir. 
By his Son, the Rev. Thomas D. 
Landels, M.A- With Portrait. 6s. 
Landscape Painting in Water- 
Colour. By J. MacWhirter, 
R.A. With 23 Coloured Plates. 5s. 
Lepidus the Centurion : A Roman 
of To-day. By Edwin Lester 
Arnold. 6s. 

Lotts’s Diaries and other Time- 
saving Fublicatloiis published 
exclusively by Cassell & Com- 
pany. {A list free on applieaiion,) 
List Te Landsmen! By W. Clark 
Russell. 3s. 6d. 

Little Huguenot, The. By Max 
Pemberton. New Edition, xa 6d» 
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U%Ue mnlster, TImi By J. M. 
Barrie. Illustrated. Cheaf Bdi- 
tUm, 38. 6tl. 

Little KoTiee, Tbe. By Alix Kino. 
TSs. 

Uttle Squire, Tbe. By Mrs. Henry 
DE LA Pasture. 3s. 6d. 

Liv^ London. Edited by George R. 
SiME Complete in 3 Volumes, each 
containing over 450 Illustrations 
from Photographs expressly taken, 


and from Drawings hf the best 
Artists, xas.; hsdf- leather, x6s. 
each. 

U Etmg-Ohang. By Mrs. Archi- 
bald Little, with Rembrandt 
Frontispieceand 3 Full-page Plates. 
X5E net. 

London, Oaeflell’a Guide to. Illus- 
trated. New Bditum, 6d. ; cloth, is. 
London, Greater. Two Vols. With 
about 400 Illustrations. CAmj^ 
Bdiiion. 4s. 6d. each. 

London, Old and Hew. Six Vols. 
With about x,aoo Illustrations and 
Maps. Cheap Edition. 4s. 6d. each. 
London, Bamblee In and Hear. By 
W. J.Loftie, F.S.A. Illustrated. 
6s. 

Lord Proteotor, The. By S. 

Levett-Ykats. 6s. 

LoYeday. By A. E, Wickham. 3s. 6d. 
Man's BQxror, A. By Emily Pear- 
son Finnemore. 6s. 

Man in Black, Tbe. By Stanley 
Weyman. 3s. 6d. 

Marie-i^e. By Marian Bower. 
6s. 

Marine Painting In Water-Ocdour. 
By W. L. WVLLIE, A.R.A. With 
24 Coloured Plates. <8. 

Masque of Days, K with 40 pages 
of Designs in Colour by Walter 
Crane. 6a 

Master of Ballantrae. By R. L. 
Stevenson. 6s. Popular Bditiont 
3s. 

Mechanics, OasseU'a Oyclopssdia of 
Edited by Paul N. Hasluck. 
Profusely Illustrated. Series z, 2, 
and 3, each complete in Itself. 
7S. 6d. each. 

Medicine, Manuals for Students of 
(A list forwarded post free.) 
MUltaQr Forces of tbe Crown. 
Their Organisation and Equip- 
ment . By Colond W. H. Daniel. 
Illustrated. 58. 


Mnslq Illustrated History of By 
Emil Naumann. ‘Edited by the 
Rev. Sir F, A. Gore Ousel^y,' 
BarL Illustrated. Cheap Edition. 
Two Vols, x8s. 

Hat Hailowe, Mountebank. By 

George R. Sims. With x6 Ulus 
trations. 38. 6d. 

Hational Gallery, The. Edited by 
Sir E. J. Poynter, P.R.A. Illus- 
trating every Picture in the National 
Gallery. In Three Vola Published 
at /y 78 ., now increased to/16 16s. 
the set, net 

Hational Gallery Catalogue. Pro- 
fusely Illustrated. 6d. net. 

National Gallery of British Art (Tbe 
Tate Gallery), Tbe Catalogue 
of the. Containing numerous Illus- 
trations, and a List of all the Pictures 
exhibited. 6d. net. 

Hational Library, Oassell'a 3d. 
and 6d. List post free on appli- 
cation. 

National Portrait Gallery. Edited 
by Lionel Cust, M.A., F.S.A. 
Illustrating every Picture in the 
National Portrait Gallery. Two 
Vols. /6-6S. net 

Nation's notures, Tbe. Complete in 
4 Vols. E^ch containing 48 Beau- 
tiful Coloured Reproductions of 
some of the finest Modem Paintings 
in the Public Picture Galleries of 
Great Britain, with descriptive Text. 
Cloth, X2S, ; half-leather, 155. each. 

Natural History, Cassell's. Cheap 
Edition. With about 2,000 Illus- 
trations, In Three Double Vols. 
6s. each. 

Natural History, Cassell’s Concise. 
By E. Perceval Wright, M.A., 
M.D., F.L.S. With several Hun- 
dred Illustrations, ys. 6d. 

Nature's Biddlea By H. W. 
Shepheard Walwyn, M.A., &c. 
With numerous Illustrations. 6s. 

Nature and a Camera, With. By 
Richard Kearton, F.Z.S. With 
Frontispiece, and 180 Pictures from 
Photographs direct from Nature by 
C. Kearton. Cheap Edition. 
ys. 6d. 

Hebo tbe Haller. By S. Baring- 
Gould. 6s. 

Old Fires and Profttable Ghosts. 

By A. T. Quiller-Couch (Q). 6s. 
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'*Opiar," wttb tlM : Bound tBe 
Btnpira. With 24 Illustrations. By 
, Wm. Maxwell. 6s, 

Our Bird Friends. By R. Keakton, 
F.Z.S. With 100 Illustrations from 
Photographs direct from Nature by 
C. Kearton. 5s. 

Our Own Ooimtxy. With x.soo 
Illustrations. Cheap £ 4 iiion, Ihree 
Double Vols. 5s, each. 

Oxford, Bsminisoenbes ol By the 
Rev. W. Tuck WELL. M.A. With 
16 Full-rage Illustrations. 9s, 
Painting, Fniotieaiattldes to. With 
Coloured Hates : — 


Italian Painting, s*. 

CHINA PAINTING. S«* 

MBUTRAL Tint. ss. 

FLOWERG, ANO HOW^O.PAINT THHa. St. 

Manual op Oil Painting, m. 6d. 
MacWmirtbr’s Lanoscapb Painting in 
watbR'C:olour. 5:^ 

WVLUB's Marimb Painting in Watbr 

COL/^UR. St. 

Paris, OasBsU’s niustrated Guide to. 


Paper, 6d.; cloth, is. 

Passing of the Bragon, The. By 

• F. JayCeagil is. 

Peel, Sir K By Lord Rosebery. 
as. 


Penny Blagazlne, The. With about 
650 Illustrations. In Quarterly 
Volumes, ss. 6d. each. 

Peoples of the World, The. By Dr. 
Robert Brown. In Six Vols. 
Illustrated. 3s. 6d. each. 

Peril and Patnotism. TTue Tales 
of Heroic Deeds and Startling 
Adrenturea Two Vols. in One. 5s, 
Personal BecoUections. By H. 

Sutherland Edwards. 7s. 6d. 
Pictorial Scotland and Ireland. 


With 320 Copyright illustrations 
from Photographs. 9s. 

Pictures of Many Wars. By Fred- 
eric ViLLlERS. A Thrilling 
Narrative of Experiences by a 
world-famous War Correspondent. 
Illustrated. 6s. 

Picturesque America. In Four Vols. , 
with 48 Steel Plates and 800 Wood 
Engravings. £ia 12s. the set. 
Popular Edition, 18s. each. 

Picturesque Canada. With 600 
Original lUustrationa Two Vols. 
^9 9a the seL 

Pl^uresque Europe. Popular Edi- 
tion, The ContinenL In Three 
Vols. Each containing 13 Litho 
Plates and nearly aoo lUustrationa 
6s. each. 


Picturesque Mediterranesu, The. 

With Magathcent 111 strations by 
leadinj^ Artists. Complete in Two 
Vols. £a ea each. 

Pigeons, Fulton’s Book ot Edited 
by Lewis Wright. Revised and 
Supplemented by the Rev, W. 
LumLwY. With so Fi'U pRge Illus- 
trations. ros. 6d. 

Original Bditiov, with ^Coloured 
Plates and numerous Wood En- 
gravinga ais. 

Planet, The Story of Our. By Prof. 
EIonn'SY, F.Rr.S. With Cwoured 
Plates and Maps and about ipo 
lUustrations. Cheap Edition, 7s. 6d. 
Playliedr, Lyon, First Lord Playfair 
of 11 Andrews, Memoirs and Cor- 
respondence o£ By Sir Wrmyss 
Reid. With Two Portraits. Cheap 
Edition. 7a 6d. 

PlaythlnsHi and Parodies. By Barky 
Pain. 3s. 6d. 

Plowshare and the Sword, The. 

By Ernest Georgs Hbnham. 
6s. 

Potsherds. B> Mra Henry Bikch- 
BNOUGH. 6 s. 

Poultry Club Standards, Tha With 
an Introduction by Lewis Wright. 
Edited by T. Threlfokd. is. net. 
Poultry, The Book of. By Lewis 
Wright. Popular Edition, xos. 6d. 
Foultxy, The New Book of. By 
Lewis Weight. With 30 new 
Coloured Plates, expressly pre- 
pared by J. W. Ludlow, and other 
Illustrations. 21s. 

Poultry Keeper, The PracticaL By 
Lewis Wright, With Eight 
Coloured Plates and numerous 
Illustrations. 3s. 6d. 

Princess Cynthia, The. By Mar- 
guerite Bryant. 6s. 


Profitable Home Farming, specially 
adapted to Occupants of Small 
Homeateads. By ' Yeoman.' is. ; 
cloth, IS. 6d. 

Q’s Worka 5s. each. 


} «oaAn Man's rock. 

•THE SPLENUID SPUR. 

The Astonishing History of troy 
TOWN. 

‘•I Saw Three SHlPa” other Wiuier*t 

NOUGH'rS AND CROSSeS. 

Thb Delectable Duchy, 
wandering Heatbu 

• Also at as. 0d, i Also Pto^t Sditiens at fid 
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Queen's XiOaAoa, Tlie. ContailniQg 
about 450 Bxqmsite ViewB of Lon- 
don and its En^rons. 9s. 

Queen Vieteiia. AFeraonalSketeb. 
By Mn, Oufbaht. With Three 
Rembrandt Plates and other Illus- 
trationa. 9a dd. Also 5s., half- 
morooooi 


BabbiVSeeper* The PracUoal By 

*' CUNICULUS, " assisted by Eminent 
Fanciers. With lUustrationa 3s. 6d. 
Railway OttldeSyOffielaL WithlUus- 
trationst Maps, &c. Price is. each ; 
or in Cloth, xa 6d. each. 

LONDON AN» NORTH WBSTBRM RAILWAY. 
Great wbstsrn Railway. 

Midland Railway. 

Great northern Railway. 

GRBAT eastern Railway. 

LONDON AND SOUTH WESTERN RAILWAY. 
LONDON, BRZOKtON AND SOUTH COAST 
Railway. 

SOUTH Eastern AND Chatham Railway. 
Itefl]iex*s Fire, Tha By Mrs. E. 

Hocklirfb. ^dd. 

Rivers of Oreabultain: Descriptive, 
Historical, Pictorial. 

RiysRs Sor^ AND West coasts. 


P^ahiiai’ 


Rit^^*<^THB East Coast. 

Rogue’s March, The. By E. W. 

Hornung. 3a 6d. 

Royal Academy Ficturea Annual 
volume. 7s. 6d. 

Ruskln, John: A Sketdi of His life. 
Bis Work, and His Opinions, with 
Personal Reminisoencea By M. 
H. Spielmann. js. 

Satnrday Journal, Cassell’a Yearly 
Volume, cloth, 7s. 6d. 

BcaJes of Heaven, The. Narrative, 
Legendary and Meditative. 
a few Sonnets. By the Rev. Feed- 

ElUCK LaNGBRIDGE. 5s. 

Science Series, The Genti^. Con- 
sisting of Biographies of Eminent 
Scientific Men of the present Cen- 
tury. Edited by Sir Henry Roscoe, 
D.C.L., F.R.S. Crown 8vo. New 
Rditim, 10 Vols, as. 6d. each. 


Science for AIL Edited by Dr. 
Robert Brown. Cheap Edition, 
In Five Vols. 3s. 6d. each. 
Soientiilc Truth, The Criterion of. 

By George Shann. is. 6d. 

Sea, The Story of tha FxlitedbyQ. 
Illustrated. In Two Vols. 9s. each. 
Cheap Edition, 5s. each. 

Sea Wolves, Tha By Max Pem- 
berton. 3s. 6d. Peoflds Bdi- 
Hon, 6d. 


SentimentBl Tommy. By J. M. 

Barrie, lllustrat^: 6s. 
Shaftesbury, The Seventh Earl 
K.O., The life and Work of By 

Edwin Hodder. Cheap Edition. 
3S. 6d. 

Shakespeare^The Flays ot Edited by 
Professor Henry Morlev. Com- 
plete in Thirteen Vols., cloth, ais,*j 
also 39 Vols., cloth, in box, axs. 
Shakespeare, The England o£ New 
Edition, By E. Goadby. With 
Full-page Illustrations, as. 6d. 
Bhakspere, The Leopold. With 400 
Illustrations. Cheap Edition, 3s. 6d. 
Cloth gilt, gilt edges, 5s. ; half- 
persian, 5s. 6d. net. .. 

Bhakspere, The 'Royal With 50 
Full-page Illustrations. Complete 
in Three Vols. 15s. the set. 

Shaw, Alfred, Cricketer: His Career 
and RemlnlBcencea Recorded by 
A. W. PuLLiN. With a Statist- 
ical Ch^ter by Alfred J. Gaston. 
Cheap Edition, paper covers, is. ^ 
Ship of Stare, By A. tT 

QtriLLER-COUCH (Q). 6s. 

Siberia, The Real By J. Foster 
Fraser. With numerous Illus- 
trations from Photographs. 6s. 
Sights and Scenes In-Oxford City and 
University. With 100 Illustrations 
after Original Photographs. 21s. 
Social England. A Record of the 
Progress of the People. By various 
Writers. Edited by H. D. Traill, 

D. CL., and J. S. Mann, M.A. 
New Illustrated Edition, to be 
completed in Six Vols, Vols. I. to 
IV., 14s. net each. 

Soldier of the King, A. By Dora 
M. Jones. 6s. 

Some Persons Unknown. By E. W. 

Hornung. 3s. 6d. 

Songs of Near and Far Away. By 

E. Richardson. With numerous 
Coloured and other Illustrations. 6s. 

Sports and Pasthnes, Cassell’s 
Book of . With numerous Illus- 
trations. Nexv Edition, 3s. 6d. 
Sports of the World. Edited by 

F. G. Aflalo, F,R.G,S., F.Z.S. 
With several hundreds of New and 
Original Illustrations. 12s. 

Standard Library, Cassell’s. Pop- 
ular Works by Great Authors of the 
Past. IS. net each. (List free ou 
appliciuion.) 
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Staa^-Laad. By Sir Roba^rt Ball, 
LL.D. IQustrated. New and En- 
larged Edition. 7s. 6d. 

Ifiiii, Tlia Story of ttia By Sir 
Robert Ball, LL.D, With Eight 
Colocired Plates and other lUus* 
trations. Chet^ Edition. los. 6d, 


Totsamical Inatraetioa. A Series of 
Pmctioal Vt^mes. Edited by P. 
N. H.\sluc£L Illustrated, ls. each. 
PRACnCAI. staikcaos TomBRY. 
PRACTiCAL metal PLATS WORK. 
PRAcrrcAL CAS FttriNa 
Practical dravghtsmrws Work, 

PRACTICAL CRAnONO AKO MaRBLIRG. 


Tenant of the Orange, The. By 

MoRtcE Gerard. 6s. 

*<The Shop**; The Story of the 
Hpyal Military Academy. By 
Captain Guggisberg, R.£. With 
8 Coloured Plates. 12s. 6d. net- 
Tldal Ttamea, Tha Grant 
Allen. With India Proof Im- 
pressions of ao raaMificent Full- 
page Photogravure Plates, and with 
many other Illustrations in the Text 
after Original Drawings by W. L. 
Wyllie, A.R.A. 428. net 
Toledo and Madrid : Their Records 
and Romanoea By Leonard 
Williams. With 55 Illustrations. 
12$. 6d. net 

Tommy end QrlzeL By J. M. Barrie. 

6s. 

Treasnrelsland. By R. L. Stevenson. 

Cheap Illustrated Edition. 3s. 6d. 
** Unicode'*: The Universal Tele- 
graphic Phrase Book. Desk or 
Eocket Edition, 2S. 6d. 


Uniyersal History, Cassell’s Illus- 
trated, Four Volumes. 5s. each. 
Vlcat Cole, R.A, The Life and 
Paintings of. Illustrated. In Three 
Volumes. 3s. 


Wallace Civileotion in Hertford. 
Houee. ®tie. by M. H. spiel- 
mann. Xllustmted. xs. , 

Wars of the Tfinetiea, The. A His 
toi-y of the Warfare Of the last 'l en 
Yoirs of thei^h Century. Profusely 
IMustrated. In One 6d. 

Westminster Ahhey, Annali ot <^y 
K. T. Bradley (Mrs. A. Murray 
Smith ). lUtistratcd. Choo^MdiiioK, 

White's NatEtta! History of Sel- 
home With Notes by R* Rear- 
TON, F.Z.S. Containing over lao 
Illustrations from Photographs. 6s. 

Whist^ttoyolopesdla of the aame of. 
By Sir William Cusack-^ith, 
Bait. 28. 

Wild Flowers, Familial. By F. 
Edward Hulme, F.L.S., F.S.A. 
With 240 beautiful Coloured Plates. 
Cheap Edition^ In Seven Volumes, 
3s. 5d. eaclL 

Wild Nature*! Wasrs. By R. Kear- 
TON, With numerous Illustrations 
from Photographs by the Author, 
los. 6d. 

Wild Life at Home: How to study 
and Photogxuph It By Richard 
Kearton, F.Z.S. Illustrated from 
Photographs by C. Kearton. 6s. 

Wit and Humour, Cassell's New 
World of. Two Vols. 6s. each. 

Work. The Illustrated Weekly 
Journal for Mechanics. Half- 
Yearly Vols. 4 s. 6d. each. 

“Work** Handbooks. Edited by 
Paul N. Hasluck, Editor of 
Work, Illustrated, is. each. 

World of Wonders. Illustrated. Cheap 
Edition. Two Vols. 4s. 6d. each. 

Wrecker, Tha By R. L. Stevenson. 
6s. Popular Edition ^ 3s. 6d. 


IHustfated Magfazines and Practical Journals* 


THE QUIVER, Monthly, 6d. 
CASSELL'S MAOAZIKB. Monthly, 6d. 
LITTLE FOLKS. Monthly. 6d. 

THE FENNT MAGAZINE. Weekly, 
id. ; Monthly, 6d. 

CASSELL'S SATURDAY JOURNAL, 

Weekly, id,; Monthly, 6d. 

MEN AND WOMEN. Edited by 
Geo. R. Sims. Weekly, id. 


New 

Monthly, is. net. 

The I^per for Boys. 
Weekly, id.; Monthly, 6d. 

TINY TOTS. For the Very Little 
Ones. Monthly, id. 

WORIC Weekly, id.; Monthly, 6d. 
BUILDINO WORLD. Weekly, id.; 
Monthly, 6d. 

THE GARDENER, Weekly, id. 


CASSELL ft COMPANY, LlMiTBO, Mfw* Sm, UtOm, 


i THE MAGAZINE OF ART. 

j Series. 

CHUMS. 



lo A Selection from Cassell &• Companfs Publications, 


Bibles and Religious Works. ■ 


Aids to Practical RellgrloxL Selec- 
tions from the Writings and Ad- 
dresses of W, Boyd Carpenter, 
Lord Bishop of Ripon. By the 
Rev. J. H. Burn, B.D., F.R.S.E. 
SS. 6d. 

Atonement, The. By William 
Connor Magee, D.D., late 
Archbishop of York. xs. 

BlhleBiographlea Illus. is.6d. each. 

THE STORY OF MOSRS AND JOSHUA. By 
the Renr. J. Telford. 

Thb Story of the Judges. By the Re». 
J. Gedj^ 

THE Story of Samuel and Saul. By the 
Rev, D. C Tovey. 

Thb Story of David. By the Rev. j. WM. 
THE Story of Joseph. Its Lessons for 
To-day. By the Rev. George Baintoa. 


Pord Bible. With 200 Full-page 
Illustrations by Gustavb Dor6. 
Popular EditUm, 15s. 

EaUy Christianity and Paganism. 
By the Very Rev, H. D, Spence, 
D.D. Illustrated. iSs. net. 


Early Pays of Christianity, The. 
By the Very Rev. Dean Farrar, 
D.D., F.R.S. Library Edition, 
Two Vols., 24s. ; morocco, £,2, 2s. 
Popular EdiHqgi. Complete 4 n 
One Volume. Cloth, gilt edges, 
7s. 6d. Cheap Edition, Cloth gilt, 
3s. 6d. ; paste grain, 5s. net. 


THE STORY OF jESUS. In Verse. By J. R. 
MacduiT, D.D. 


Bible Commentaiy for English 
Beadera Edited by Bishop Klli- 
COTT. With Contributions by 
eminent Scholars and Divines: — 


NEW TESTAMENT. Popular Rditian. Un- 
abriqged. Three Vols. 68. each. 

Old TBSTAMENr. Popu ar Edition, Un- 
abiidcred. Five Vols. 68. each. 

Special pocket editions, as. each. 


Family Prayer-Book, The. Edited 
by the Rev. Canon Garbett, 
M.A,, and Rev, S. Martin. With 
Full-page Illustrations. 7s. '6d. ' 

Gleanings after Harvest Studies 
and Sketches by the Rev. John R. 
Vernon, M.A. Illustrated. Cheap 
Edition, 3s, 6d, 


Bible Pietionary, Cassell’s Concise. 

By the Rev. Robert Hunter, 
LL.D. Illustrated. Cheap Edition, 
3s. 6d, 

Bible StudentintheBritishMuseum, 
The. By the Rev, J. G. Kitchin, 
M.A. New and Revised Edition, 
IS. 4d. 

Child’s Bible, The. With loo Illus- 
trations and Coloured Plates. New 
Edition, los. 6d. 

Child Wonderful, The. A Series of 
9 Pictures in colours by W. S. 
Stacey, illustrating incidents in 
the Life of Christ, as. 6d. 

Church of England, Tha* A History 
for the People. By the Very Rev, 
H, D. M. SPENCE, D.D., Dean of 
Gloucester. Illustrated. Complete 
in Four Vols. 6s. each. 

Chnrch Reform in Spain and Portu- 

gaL By the Rev. H. E. Noyes, 
D.D. Illustrated, as. 6d. 


“ Graven in the Bock.” By the Rev. 
Dr. Samuel Kinns, F.R.a.S. 
Illustrated. Library Edition. Two 
Vols. 15s. 


« Heart Chords.” A Series of Works 
by Eminent Divines, is. each. 


My Bible. By the Right Rev. W. Boyd 
Carpenter, Bishop of Ripon. 

MY Father. By the Right Rev, Ashton 
Oxenden. late Bishop of Montreal. 

MY WORK FOR Gon By the Right Rev. 
Bishop Cotterill. 

MY Emotional Life. By the Rev. Preb 
Chadwick. D.D. 

MY GROWTH IN Divine LIFR By the Rev 
Preb. Reynolds, M.A. ^ 

MY SOUL. By the Rev. P. B. Power, M.A 


MY AID TO THB DiVINB LIFE. By the Very 
Rev. Dean Boyle. ' 

MY SOURCES OF STRENGTH. By the Rev. 

E. E. Jenkins. M.A. > 

My Walk with Gou. By the Very Rev. 
Dean Montgomery, 




A Cassell Company s Puhlicaiiom. iz 


Ho^ Land and tbe BU>]n A Book 
of Scriptufe Illustrates gathered 
in Palestine. By the Rev. Cun- 
ningham Gsixie, t>.TX Qttiver" 
EiiHon, Abridged by the Author. 
With 8 Full-page Illustraf ons. 
as. 6d. net, Chec^ Mdiiim, ys. 6d. 
Superior Edition, W*th 24 Plates. 
Cloth gilt, gilt edges, xoe. 6d. 

Life of Ohristk Tlii. By tbe Very 
Rev. Farkab. Cfuap 

Edition^ With x6 FuU-page Plates, 
3s. 6d. ; paste grain, sa net 

. Popular EdiHon, With 16 Full- 
page Platea 7s. 6d, Illustrated 
Qua*'io Edition, Cloth gilt, gilt 
edges, ya 6d. Original Illustrated 
Edition, ais. 

Life of Lives, The : Farther Studies 
^ In the Life of Christ By Dean 
Farrar, 15a Popular Edition, 
ys. 6d. 

UlB and Work of the Redeemer. 

Illustrated. ** Quiver** EdiHon, 
With 8 Full-page Illustrations, 
ss. 6d. net 

Matin and Vesper Bells. Earlier 
and Later Collected Poems. 
(Chiefly Sacred). By J. R. Mac- 
duff, D.D. Two Vols. 7s. 6d. 
the set. 

Methodism, Bide Lights on the 
Conflicts OL During the Second 
Quarter of the Nineteenth Century, 
1827-1852. From the Notes of the 
late Rev. Joseph Fowler of the 
Debates of the Wesleyan Con- 
ference. Qoth, 8s. Popular Edi- 
tion, Unabridged. Cloth, 3a 6d. 

Mlraclea By the Rev. Brownlow 
Maitland, M.A. is. 

Moses and Geology; or, The Har- 
mony of the Bible with Science. 
By the Rev. Samuel Kinns, 
Ph.D., F.R. AS. Illustrated. 10s. 6d. 
net 


PUgxlm’a Progress^ Thd. By John. 
Bunyan. Ss^erior Editim, With 
Notes by the Rev, Kobert 
Maguire, M-A, and ppntaining 
numerous lllustrcitioii)|} by H. C. 
Pelous and M. PAtto PatOLa 
3^ 6d, 

Plain Introduetiims to the Books 
of the Old Testejnenk Edited by 
P*shop ELLfCOTT. 3s. 6d. 

Plain Introduotlons to the Books 
of the Hew Testament Edited 
by Bishop Ellicoit. 3s. 6d. 

Prjcestantism, The History of. 
By the Rev. J. A Wylie, LL.D. 
Containing upwards of 600 Orig- 
inal Illustrations. Cheap Edition, 
Three Vols. 5s. each. 

Quiver Vearly Volume, The. With 
about 900 Original Illustrations. 
7& 6d. 

St Paul, The Life and Work of. 
By the Very Rev. Dean Fafrar. 
Cheap Edition, With 16 Full-page 
Plates, 3s. 6d.; paste grain, 5a 
net. ; Popular EdiHon, 7a 6d. ; 
Illustrated ^ Edition, 7a 6d. ; 
Ordinal Illustrated EdiHon, £2 2a 

*'SU Hundred Tears'*; or, His- 
torical Sketches of Eminent Men 
and Women who have more or less 
come into contact with the Abbey 
and Church of Holy Trinity, 
Minorics, from 1293 to 1893. With 
65 Illustrationa By the Vicar, the 
Rev. Dr. SAMUEL Kinn& xos. 6d. 
net. 

"Sunday,” Its Ogigln, History, and 
Present Obligation. By tbe Yen. 
Archdeacon Hbssey, D.CL. Fifth 
Edition, 7a 6d. 


iz A Selection from Cassell Company s Publications, 

Educational Works and Students' IS^uals. 


£bop* 8 Fat)lM» In words of one 
sjrUable. With 4 Coloured Plates 
and numerous Illustrations. 6cL 
Alphabet^ CMUtsell's Piotorlal. ns. 
and as. 6d. 

Axchilieotnral Drawing. R. PhenA 
Spiers. With 86 Plates. New 
Mdition, 7s. 6d. net 
Atlai» Cassell’s Popular. Contain- 
ing 24 Coloured Mapa i& 66. 
Bla^hoard Drawing. By W. E. 

SpARRSa Illustrated. 3s. 6d. 
Bmsiiwork Series, Cassell’s. 
Series I.—Wild Flowers. Series 
II.— -Pictures Wanting WoRoa 
Series III.— Entertaining Pic- 
tures. 3d. per Set, each contain- 
ing 13 Sheets. Each Sheet includes 
a Set of Six Water Colours. 

Book - keeping. By Theodore 

i ONES. For Schools, as.: cloth, 3s. 
'or the Million, as.; cloth, 3s. 
Books for Jones’s System, as. 
Chemistry, The Puhlie School. By 
J. H. Anderson, M.A. as. 6d. 
Duloe Domum. Rhymes and Songs 
for Children. Edited by John 
Farmer, sjl 

England, A mstoxy of. By H. O. 

Arnold - Forster, M.A. Illus- 
trated. 5b. 

Euclid, Gassell's. Edited by Prof. 

Wallace, M.A. is. 

"Eyes and Bo Eyes” Series (Cas- 
BW’s). By Arabella Buckley. 
With Coloured Plates and other 
Illustrations. Six Books. 4d. and 
6d. each. Complete Volume, 3s. 6d. 
Founders of the Empire. By 
Philip Gibbs. Illustrated, is. 8d. ; 
cloth, as. 6d. 

French, Cassell’s Lessons in. Cheap 
Edition, In Two Parts. . Cloth, 
IS. 6d. each. Complete in One 
Vol., as. 6d. Key, is. 6d. 
FTenoh-EngUsh andEngUsh-FTenoh 
Dictionary, x. 150 pages. Cloth or 
buckram, 3s. 6d. ; half-morocco, 5s. 
Frenoh-En^sh and English-French 
Dictionary, Cassell’s New. Edited 
by James Bojelle, B.A. 7s. 6d. 
Gaudeamua Songs for Colleges and 
Schools. Edited by John Farmer. 
5s. Words only, paper covers, 6d.: 
oloth, pd. 


Geography : A Practical ISethod of 
Teaching. Book L, England and 
Wales, in Two Parts, 6d. each. 
Book IL, Europe. By J. H. Over- 
ton, F.G.S. Tracing Book, 
containhig aa leaves, ad. 

German Dietlonaiy, Oassell’a (Ger- 
man • English, English • German. ) 
Cheap EaiHon, Cloth, 3s. 6d. ; half- 
morocco, 5s. 

Greek Heroea New Supplementary 
Reader. With 4 Coloured Plates 
and numerous Illustrations. 6d. 

Hand and Bye Training. By G. 
Ricks, RSc. Two Vols„ with 16 
Coloured Plates in each. 6s. each. 

Hand and Eye Traiidng. By George 
Ricks, B.Sc,, and Jos. Vaughan. 
Illustrated. Vol. I., Cardboard 
Work, as. Vol. 11., Colour Work 
and Design, 3s. 

Historical Oartoona, CasBeil’s C0I-, 
cured. Size 45 in. x 35 in. as. each. 
Mounted on Canvas and varnished, 
with Rollers, 5s. each. 

In Danger's Hour ; or, Stout Hearts 
and Btlrrittg Deeds. A Book of 
Adventures for School and Home. 
With Coloured Plates and other 
Illustrations. Cloth, is.8d. ; bevelled 
boards, as. 6d. 

King Solomon’s BSines. Abrid^^ed 

Edition^ for Schools, is. 3d. 

Latin -English and English -Latin 
Dictionary, 3s. 6d. and 5s. 

Latin Primer, The First. By Prof. 

Postgate. is. 

Latin Primer, The New. By Prof. 

J. P. Postgate. Crown 8vo. as. 6d. 

Latin Prose for Lower Forms. By 
M. A. Bayfield, M.A. as. 6d. 

Laws of Every-day Life. By H. O. 

Arnold -Forster, M.A, is. 6d. 

Magna Carta, A Facsimile of the 
Original Document, mounted on 
cardboard, together with a Trans- 
lation. IS. 6d. 

Blarlborough Eooks Arithmetic 
Examples, Revised, 3s. French Ex- 
ercises, 3s. 6d. French Grammar, 
as. 6d. German Grammar, 3s. 6d. 

Mechanics and Machine Design. 
Numerical Baamples in Practical. 
By R. O. Blaine, M.E. Revised 
and Bnlofged, Illustrated, as. 6d. 
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Mdcbaaiea, Aptilied. By J. Perp¥, 
M*. E. . D,Sc. , &c. Illustrated, ys. Cd. 

Meoliatiics, Cassell’S Cyelapsa^ ef. 

Edited by P. N. Hasl^ Senes 

, I.. II., and III. ya. each. 
(Each Series is complain Itself.) 

Metric Charts, na88eU*« hiifiroTed. 
Two Coloured Sheets, 49 ia. by 
in., illustmting by Desigrji 
and Explanations the Metric Sys* 
tern. IS. each. Mounted with 
RoliCiS, 3s. eadi. The twu i'. one 
with Rollers, $&. cjieb. 

Models and OomBum O^iieots, Bow 
to Draw froxn. By W. Spabkes. 

Illustrated. 33, 

Models, Common Ohieeti, and Casts 
of Ornament, How to Shade from. 

■ .By V.^ E. Spabkes. With 05 
Plates by the Ail^or. 3s. 

Oloijeot Lessons from Mature. By 
Prof. L. C. Ml ALL, F.L.S. Fully 
Illustrated. Nero and Enlarged 
Edition, Two Vola, la 6d. each. 

Physiology for Schools. By A. T. 
Schofield, M.D. , &c. Illustrated. 

* Cloth, IS. gd. ; Three Parts, paper, 
5d. each ; or cloth limp, 6d. each. 

Poetry for Children, Cassell’a 6 

Books, xd. each ; in One Vol., 6d. 

Popular Educator, Cassell’s. With 
, Coloured Plates and Maps, and 
other Illustrations. 8 Vols., ss. each. 

Reader, The dtlzen. . By H. O. 
Arnold - Fobster, M.A. Illus- 
trated. xs. 6d. Also a Scottish 
Edition, cloth, is. 6d. 

Reader, The Temperance, By J. 

Dennis Hikd. is. or is. 6d. 

Readers, Cassell’s “Belle Sauvage.** 
An entirely New Series. Fully 
Illustrated. Strongly bound in cloth. 
{fdst on application,') 

Readers, Cassell’s Classical, for 
School and Home. Illustrated. 
VoL 1 . (for young children), is. 8d. ; 
Vol. II. (boys and girls), as, 6d. 

Readers, Cassell’s “Higher dasa*’ 

{List on application,) 

Readers, Cassellfs Readahla Illus- 
trated. {List on application.) 

Readers, Cassell’s Union Jack 
Series. With Coloured Plates and 
numerous Illustrations. 6 Booka 
From 8d. each. 


Reader', Oeograidiioai, Chsaell’a 
Mew. lUustmted. {UstmapptU 
cation)* . 

RoM^ The ^Kodem Sohool” 

, Hhastiaied. {List on appH^on ) 

Bead«^ The “Moasocn Mi^ooi'’ 

QteCgraphl#! {IMna^itdlion ' 

Reckonisig, Broward’s Art^^e^ ByC. 
P'K usKiiiR Howard. Paj^ covers. 
IS. : doth, as. New Edition. 1%, 

Roomd the Bmplre. Bv a. R. 

Parkin. IWy I!lu>>traia^ is. 6d. 

K H. «. Curves. 3 y Prof. R. H. 
Smitk. A Set of *3 Scaled Tem- 
plates, with Pamphlet, xos. 6d. 

Scholar^B Oompandlon to "Things 
Mew and Old.** Five Boo^s. 33 
pages, extra crown 8vo. adl each. 

Shakipere’B Plays for School Use. 

7 Books. Illustrated. 6d. each. 

SpeUlng. A Complete Manual of. 
By J. D. MorEll, LL. D. Cloth, 
IS. Cheap Eiimn, 6d. 

Spending and Saving: A Primer of 
Thrift By Alfred Pinhorn. xs. 

Technical Educator, Cassell’s. With 
Coloured Plates and Engravings. 
Complete in Six Volumes. 3s. 6 d, 
each, 

Technical Manuals, CasseU’a Illus- 
trated throughout. Sixteen Books, 
from 2s. to 4s. 6d. {List on appli* 
cation.) 

Technology, Manuals ot Edited by 
Prof. Ayrton, F.R.S., and Rich- 
ard Wormkll, D.Sc., M.A. 
Illustrated throughout. Seven Books 
from 3s, 6d. to 53. each. {List on 
application.) 

Things New and Old; or. Stories 
from English History. By H. O. 
Arnold • Forster, M.A, Illus- 
trated. 7 Books from pd. to is. 8(L 

Things New and Old, Scholar’s Com- 
panion to. 5 Books, ad. each. 

This World of Ours. By H. O. 
Arnold -Forster. M.A Illus- 
trated. Cheap Edition, as. 6d. 

Troubadour, The. Selections from 
English Verse. Edited and Anno- 
tated by Philip Gibbs, is. 6d.'- 

“Wild Flowers’’ Sheets, CasseU’s. 
la Sheets, each containing xo ex- 
amples of familiar wild flowers, 
beautifully reproduced in colours 
and varnished, za 6d. each. 


Readers for Xniant Schools, Col- 
e ared. Three Books. 4d. each. 

CASSBLL ft COMPANY. Lmiran. Lndgmte HiU, tomdom. 
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Books for the Dttle Ones. 


A Sunday Stoi^ Bodk. 3s. 6d. 

320 pages of Simple Stories, alter- 
nating with Pictures. 

Animal Land tOT Little Peopla Bv 
S. H. Ham’BR. Illustrated, is. 6d. 
Beneath the tamer. Being Narra- 
tives of Noble Lives and Brave 
Peeds. ^ F. J. Cross. Illus- 
trated. Limp cloth, xs. ; cloth 

gilt, 3S. 

Birds, Beasts and Flslies. By S. H. 
Hambr. With Four Coloured 
Plates and numerous Illustrations, 
xa 6d. 

Bo«Peep. A Book for the Little Ones. 
With Original Stories and V^ses. 
Illustrated with Full-page Coloured 
Plates, and numerous Pictures in 
Colour. Yearly Volume. P^ure 
boards, as. 6d. ; cloth , 3s. 6d, 

Good Morning I Good Night I By 
F. J. Cross. Illustrated. Limp 
clotn, zs. ; or cloth boards, gilt 
lettered, as. 

Heroes of Btrery-dayUfe. Laura 
Lane. Illustrated, as. 6d. 
"Little Folks " Half-Yearly Volume. 
Containing 480 pages, with Six 
Full-page Coloured Plates, and 
numerous other Pictures printed in 
Colour, Picture boards, 3s. 6d. 
Cloth gilt, gilt edges, 55. each. 
"Little Folks” Flaya Each con- 
taining a Coloured Plates and 
numerous Illustrations. 6d. net 
each : — 

ClNDBaKl.I.A. By Miranda Hill. 
RUMPELSTILTZKIN AND DUMMLING. Two 
Plays. By Miranda Hill. 

How TO GHT UP A CHILDREN’S PLAY. 
By Maggie Browne. 

t< Little Folks ” Song Book. With 
Four Coloured Plates; 3s. 6d, 
Little Folks' Sunday Book. By 
Christian Rkdford. Illustrated, 
as. 

little Mother Bnnoh. By Mrs. 

Molesworth. Illustrated, as. 6d, 
Maglo at Home. By Prof. Hoff- 
man. Illustrated. Cloth gilt, 
3s. 6d, 

Master GharUe. By C. S. Harri- 
son and S. H. Hamer. Illus- 
trated. Coloured boards, xs. 6d. 


Micky Magee’s Menagerie ; or, 

Btnulffe Anitwala awA thelT 

By S. H. Hambr. With 
Eight Coloured Plates and other 
Illustrations by Harrv B. Neil- 
soN. xs, 6(1 

Notable Shipwrecks. Revised and 
Enlarged Edition, xa 
Peter Piper's Peepahow. By S. H. 
Hamer. With Illustrations by H. 
B. Nbilson and Lewis Baumer. 
xs. 6d. 

Pleasant Work for Busy Fingers. 

By Maggie Browne. Illustrated, 
as. 6d. 

Quackles, Junior ; Being the Extra- 
ordina^ Adventures of a Duckling. 
With Four Coloured Plates and 
other Illustrations by Harry 
Rountree. Written by S. H. 
Hamer, is. 6d. a 

The Foolish Fox, and Other Tales 
in Prose and Verse. Edited by 
S. H. Hamer. With Foun- 
Coloured Plates and numerous 
Illustrations, is. 6d. 

The Ten TiraTellers. By S. H. 
Hamer. With Four Coloured 
Plates and numerous Illustrations 
by Harry B. Neilson. xs. 6d. 
The Junglo School; or. Dr. Jibber- 
Jabber Burchall’s Academy. By 
S. H. Hamer. With Illustrations 
by H. B. Neilson. is. 6d. 

The New "LitUe Folks" Fainting 
Book. Illustrated, xs. 

The Old Fairy Talea With 
Original Illustrations. Cloth, is. 

" Tiny Tots ” Annual Voluma 
Boards, is. 4d. Cloth, xs. 6d. 
Topsy Turvy Talea By S. H. 
Hamer. With Illustrations by 
Harry B. Neilson. la 6d. 

Two Old LadieaTwo Foolish Fairies, 
and a Tom Cat. The Surprising 
Adventures of Tuppy and Tue. A 
New Fairy Story. By Maggie 
Browne. With Four Coloured 
Plates and other Illustrations. 
3a 6d. 

Whys and Other Whys ; or. Curious 
Creatures and Their Talea By 
S. H. Hamer and Harry B. 
Neilson. Paper boards, aa 6d. 
Cloth, Ra 6d. 



A Sekciton from Casseii &* Company s Publkatimisi i 5 

— t — — ^ =* 


OASSSLL’S SBILUMa STORY BOOKS. 

* lateresdng Stories. 

A Pair of^&imslosss, 

Frank's Lifk 
• Klla’s Golden Ykar. . 

In the Days or King George. 
Little Queen Mab. 


AU Iliusimted, and notttaining 

LaoDA*rf 1 iLu.war’>. 

The Heiress oi? Wyvern Court. 
Their Road to Fort'ine, 

Won ry Gentleness 


SHILUNa STORY BOOKS BY EBWARD S. IHu«itmted. 

Astray in the Forest. j ' Captured by Indians. 

Bear Cavern. i The Hunters of Kentuck t. 

Red Feather. A Tak o£ the j The Daughter o»" f..E Chieftain. 
American Frontier. i WoLP EAR THE Indian, 


CASSELL’S : 


r STORY BOOii^l. 


IIlustr.ite<!l. 


Aim at a Sure End. 

All in a Castle Fair. 
JiKAs AND Forbear. 

By Land and 9ea. 

Clare Linton’s B'riend. 
Dolly’s Golden Slippers. 


Her Wilful Way. 

Honour is My Guide. 

On Board the Esmeralda, 
The Bravfs r of the Brave. 
To School and Aw«.v. 


CASSELL S TWO>8HILLINO STORY 

Adam Hepburn’s Vow. 

A Self-willed Family, 

Daisy’s Dilemmas. 

Fairway Island, 

Fluffy and Jack. 


BOOKSw Illustrateu. 

The Lost Vestal. 

The Mystery of Master Max; 

AND THE Shrimps of Shrimpton. 
Uncle Silvio’s Secret. 

Wrong ff.om the First, 


TWO SHILLING STORY BOOKS BY 

Tad. 

Lost in Samoa. 

Blazing Arrow. 

Chieftain and Scout. 

Klondike Nuggets. 

Ned in the Block House. 


EDWARD S. ELI’S. Illustrated. Cloth. 

Ned in the Woods. 

Ned on the River, 

The Path in the Ravine. 

The Rubber Hunters, 

The Young Ranchers. 


HALF-CROWN STORY BOOKS BY EDWARD S. ELLIS. Illustrated. Cloth 


A Strange Craft and its Won- 
derful Voyages 
Camp-Fire and Wigwam. 
Cowmen and Rustlers. 

Down the Mississippi. 
Footprints in the Forest. 

In Red Indian Trails. 

In the Days of the Pionf.ers. 
Iron Heart, War Chief of the 
Iroquois. 

Lost in the Wilds. 

Pontiac, Chief of the Ottawas. 

HALF-CROWN STORY BOOKS. 

An Old Boy's Yarns. 

At the South Pole. 

By Fire and Sword. 

Cost op a Mistake. 


Red Jacket: The Last of the 
Senecas. 

Scouts and Comrades. 

Shod with Silence. 

The Camp in the Mountains. 
The Great Cattle Traiu 
The Hunters of the Ozark. 

The Last War Trail. 

The Lost Trail. 

The Phantom of the River. 

Two Bovs in Wyoming. 
Uncrowning a Kino. 


Fairy Tales in Other Lands. 
Freedom’s Sword. 

Heroes of the Indian Empire. 
Lost Among White Africans. 
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A 6l|tL WITHOUT AMBITIOM. 

Lost on Dtr Corrio. 

Master of thr Strong HRarts: 
A Story of Custer's Last 
Rally. 

Mrs. Pederson’s Niece. 
Pictures of School Life and 
Boyhood. 

Rogues of the Fiery Cross. 

f iSTERs Three. 

TKONG TO Suffer. 

The Queen's Scarlet. 


The White House at Inch 

. Through Trial to Triumph. 
Told Out of School. 

Tom and Some Other Girls. 

To Punish the Czar/. 

To the Death. 

Wanted— A King ; or, How Mf.rlE 
Set the Nursery Rhymes to 
Rights. 

With Redskins on the War- 
path. 


BOOKS FOB BOYS AND aiRLK Fully Illustrated. 


Guluver's Travels. With up- 
wards of xoo Illustrations fiom 
New Plates. Fine Art Edition. 
7S. 6d. 

Cassell’s Robinson Crusoe. 
With xoo Illustrations. Cloth, 
3S. 6d. : gil: edges, 53. 
Cassell’s Swiss Family Robin- 
son. lUustmted. Cloth. 3s. 6d. ; 
gilt edges, 5s. 


Strange Adventures in Dicky- 
Bird Land. Stories told by Mother 
Biids to amuse their Cli'cl^, 
and overheard Dy R. Kearton, 
F.Z.S. With Illustrations from 
Photographs taken direct from 
Nature by C. Kearton. Cloth, 
3s. 6d. ; cloth gilt, gilt edges, 5s. 


THREE AND SIXPENNY STORY BOOKS FOB GIRLS. lUustrated. 

A Sweet Girl Graduate. > 

A World of Girls: The Siory of a School. 

Bashful Fifteen. 

Beyond the Blue Mountains. 

Merry Girls of England. 

Polly; A New-Fashioned Giru 
Red Rose and Tiger Lily. 

The Palace Beautiful. 

The Rebellion of Lil Carrington. 

Bound by a Spell. By the Hon. Mrs. Greene. 

Five Stars in a Little Pool. By Edith Carrington. 

The King’s Command: A Story for Girls. By Maggie Symington. 


With 8 Coloured 
Plates in each. 

By L. T. Meade, 


THREE AND SIXPENNY STORY BOOKS FOR BOYS. Illustrated. Cloth 


Follow my Leader.” By Tal- 
bot Baines Reed. 

For Fortune and Glory; A 
Story op the Soudan War, 
By Lewis Hough. 

For Glory and Renown. By 

D, H, Parry. 

The Capture of the Es- 
trella": A Tale of the 
Slave Trade. By Commander 
Claud Harding, R.N. 


gilt. 

The Red Terror : A Story of the 
Paris Commune. By Edward King. 
The Three Homes. By the Very 
Rev. Dean Farrar. 

Under Bayard’s Banner. By 

Henry Frith. 

Under the Great Bear. By 

Kirk M unroe. 

With Claymore and Bayonet. 
By Colonel Percy Groves. 
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